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ABSTRACT
The specialized metabolite composition of members of the genus
Trichodesmium is understudied in comparison to what is known about its
ecological role as a dominant nitrogen fixer in oligotrophic tropical and
subtropical waters. The occurrence of large surface accumulations, or blooms,
comprised of these filamentous cyanobacteria is increasing globally and these
events contain potentially toxic metabolites. Currently there is a lack of a
systematic field and laboratory studies with respect to Trichodesmium spp.
metabolic capacity. This study aims to determine the specialized metabolite
profile of two members of the Trichodesmium genus examining cultivated
specimens and environmental collections (from the Gulf of Mexico and North
Atlantic Ocean) of both T. erythraeum and T. thiebautii colonies.
Chapter one introduces marine natural products with an emphasis on the
halogenated specialized metabolites produced by marine cyanobacteria. In
chapter two I utilized bioassay- and mass spectrometry-guided isolation to
characterize specialized metabolites from an environmental collection of
Trichodesmium thiebautii. Identifying the unique isotopic patterns in molecules
containing halogen atoms, I isolated and characterized the structure of a
dichlorinated metabolite named trichothiazole A.
In Chapter three, I used an untargeted metabolomics approach, namely LCMS/MS-based molecular networking to visualize the chemical space available
in Trichodesmium biomass and to guide the isolation of chlorovinylidenecontaining compounds from the same Trichodesmium collection examined in
Chapter two. These networks showed the large abundance of highly

functionalized metabolites, and two mass spectrometry library hits included the
previously characterized smenamides A and B. This led to the isolation and
complete characterization of additional smenamide analogs C, D, and E.
In Chapter four, I continued to utilize LC-MS/MS-based molecular
networking along with other targeted and untargeted mass spectrometry
approaches to compare the specialized metabolite composition of several
Trichodesmium collections. These collections include a time-series collection
from the Gulf of Mexico, as well as cultured and field collections of another
major Trichodesmium species, Trichodesmium erythraeum. This comparison
showed distinct differences amongst species and intriguing similarities in
secondary metabolites over time and geographic location in T. thiebautii
collections.
Overall, the results of this dissertation project showed that T. thiebautii is a
prolific producer of specialized metabolites and that most of these metabolites
contain the chlorovinylidene moiety that has been only identified in
cyanobacterial natural products. The T. thiebautii “metabolome” is consistent
over time and space, but intriguingly does not appear to be shared by T.
erythraeum.
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CHAPTER 1

INTRODUCTION

1. Marine Natural Products with an Emphasis on Cyanobacteria
Over the past few decades, the number of pharmaceutical companies
researching natural products as therapeutic lead molecules has decreased
significantly (Beutler, 2009). Thus, researchers have turned to unexplored
environments to discover new natural products. As marine sources have been
explored for natural products to a much lesser extent than terrestrial sources,
access to underexplored and unexplored marine organisms has the potential
to uncover new chemistry and new chemical scaffolds for therapeutic
development. Since marine natural product discovery began as a field, over
28,500 marine natural products have been identified (C. Jiménez, 2018).
These metabolites of marine origin have shown a plethora of activities
including antibacterial, antifungal, antiparasitic, antiviral, antitumor, antioxidant,
antiinflammation, and enzyme modulating activity (reviewed in Barzkar et al.,
2019). Reports of halogenation (the incorporation of bromine, chlorine, iodine,
and fluorine) in characterized marine natural products is increasing. Beginning
with only 50 examples of halogenated products published in 1968, this number
is currently over 5,000 (Gribble, 2015). The ocean is an abundant source of
halogens, when compared to terrestrial environments. Organisms in these
environments have evolved biosynthetic machinery to incorporate halogen
atoms into their organic specialized metabolites. Halogen atoms are a
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particular favorite of medicinal chemists who often add them into later stages
of optimization due to the ability of these moieties to participate in halogen
bonding to improve ligand affinities for a specific target (Voth et al., 2009).
Additionally, the incorporation of halogen atoms generally enhances
membrane permeability and reduces elimination of the molecule from the
body. However, recent research points to halogenation as critical in optimizing
all areas of ADME/T (absorption, distribution, metabolism, excretion, and
toxicity) (Xu et al., 2014). Halogenation is observed in approximately 20% of
small molecule active principles in currently approved drugs and the
abundance is even higher with the inclusion of clinical trials in this metric
(Herrera-Rodriguez et al., 2011; Xu et al., 2014). In high-throughput screening,
a key piece in drug development currently being employed in a majority of
aspects in drug discovery, approximately 50% of molecules in these discovery
sets are halogenated (Hernandes et al., 2010). Olefinic chlorides, one moiety
incorporating halogenation, such as the chlorovinylidene functional group, can
be frequently found in marine cyanobacterial secondary metabolites. In fact,
the chlorovinylidene has only been reported thus far in cyanobacterial natural
products. Most cyanobacterial secondary metabolites are a mix of both the
PKS and NRPS biosynthetic pathways (Moss et al., 2018). It is hypothesized
that the chlorovinylidene group is incorporated by these biosynthetic pathways
through the action of an HMG-CoA synthase. This enzyme performs alkylation
of the β position within the growing polyketide structure (Buchholz et al., 2010;
Kehr et al., 2011). The presence of a chloride ion in the surrounding
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environment and the action of an FAD-dependent halogenase leads to
subsequent chlorination of the molecule. One such example that has been
published is the predicted biosynthesis of malyngamide C acetate, a
chlorovinylidene-containing molecule originally isolated from the marine
cyanobacteria, Okeania hirsuta. This example is depicted in Figure 1 (Moss et
al., 2018). Many chlorovinylidene-containing natural products have been
discovered from marine cyanobacteria and their associated marine organisms
such as sponges. In Table 1, a list of current structures, their observed
bioactivities, and organism from which they were isolated is presented, not
included are published compounds from Trichodesmium, which will be
discussed further in this body of work.
Marine cyanobacteria are ancient aquatic photosynthesizing organisms,
frequently referred to as blue-green algae. These organisms can be found
globally, typically distributed throughout tropical and sub-tropical waters.
These organisms are known to have a high degree of chemical adaptation
because of the nutrient depleted ocean waters they are usually found in,
leading to the production of a wide array of functionally unique secondary
metabolites, including the production of the secondary metabolites containing
the chlorovinylidene group. Marine cyanobacteria have long been a source of
unique chemistry, associated with a wide array of toxicities, and used as drug
products (Huang & Zimba, 2019; Tidgewell et al., 2010). One such example is
the compound dolastatin 10, a potent antitumor agent (Pettit et al., 1993). This
compound was originally isolated from the marine mollusk Dolabella
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auricularia, but has also been isolated from the marine cyanobacterium
Symploca sp. VPS462 (Luesch et al., 2001). These gram-negative
prokaryotes vary in production of bioactive metabolites. This production can
include widely known toxin classes such as the saxitoxins, microcystins, and
anatoxins, known to cause human intoxications as well as metabolites that
have served as the lead in the development of anti-body drug conjugates that
are currently used in the clinic (Vaklavas & Forero-Torres, 2012). One group of
cyanobacteria widely studied is Trichodesmium, which is a globally significant
genus of cyanobacteria that is primarily responsible for the majority of nitrogen
fixation in the oligotrophic ocean. This buoyant filamentous organism forms
massive surface blooms globally. As climate change results in both increased
global temperatures and CO2 concentrations in ocean waters, species of
Trichodesmium are projected to expand their already substantial, oligotrophic
ocean range as the subtropics move poleward (Boatman et al., 2017; Hutchins
et al., 2015).There have been a few reports implicating members of
Trichodesmium as toxin producers, likely because they are more widely
studied for their ecological role. A recent study showed the presence of the
potent neurotoxin saxitoxin and several saxitoxin-like derivatives in a
Trichodesmium bloom collected from the South Atlantic, which is of concern.
However, the detection of these molecules was only supported by comparison
of HPLC retention times of standards. The study provided no accurate mass
data or the isolation of the detected molecules to unequivocally confirm this
discovery (Sacilotto Detoni et al., 2016). In another study to highlight the
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occurrence of potentially dangerous toxins in Trichodesmium, a collection from
the Bay of Bengal, showed the presence of saxitoxin, anatoxin-a, and
microcystins. This study was conducted using direct injection on a low
resolution mass spectrometer in which an accurate mass cannot be obtained,
and no isolations or purifications were done to determine the exact presence
of these molecules in the samples (Shunmugam et al., 2017). There is a
current need for the further in-depth, analytical investigation of toxins produced
by Trichodesmium. More recent work from the laboratory of Matthew Bertin at
the University of Rhode focused on the isolation of specialized metabolites
from cyanobacterial blooms identified as Trichodesmium spp. from the
western Gulf of Mexico. Most of the metabolites that have been isolated have
contained the chlorovinylidene group, perhaps exemplified best by the
trichophycins (Bertin et al., 2017, 2018; McManus et al., 2020). The original
exploration into the secondary metabolites of a Trichodesmium thiebautii
bloom from the western Gulf of Mexico led to the isolation and subsequent
structure revision of trichotoxin A as well. Cytotoxicity testing was originally
carried out for this metabolite against neuro-2A mouse neuroblastoma (ATCC,
CC1-131) cells and GH4C1 rat pituitary cells (ATCC, C1-82.2) with resulting
IC50 values of 33.7 ppm and 11.7 ppm, respectively (Schock et al., 2011).
While early work from the Bertin laboratory showed the potential to isolate
halogenated metabolites from Trichodesmium which included chlorinated and
brominated compounds, the full chemical space present in Trichodesmium
samples was unknown. Furthermore, critical questions remained as to spatial
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and temporal distribution of these specialized metabolites and to their species
specificity. A systematic study was needed to explore the metabolite
composition of Trichodesmium collections and the potential therapeutic
avenues of its metabolites. Due to the quantity of metabolites observed in
Trichodesmium extracts, cutting-edge mass spectrometry data analysis tools
were needed to conduct further analysis of these collections. These tools are
summarized in the sections below. This dissertation work primarily utilized two
of these tools: GNPS molecular networking and MZMine, but there are a
multitude of tools available for a wide variety of metabolomic workflows.
2. Tools for Data Processing
2.1 GNPS Molecular Networking
Recently a number of computational platforms and programs have become
widely available to analyze large data sets of molecules. One analytical
platform, the Global Natural Products Social Molecular Networking (GNPS)
(Wang et al., 2016), takes advantage of LC-MS/MS data collected to create
networks, linking similarities in compound fragmentation patterns together
using computational algorithms. This tool can help as a visual aid to
dereplicate (limit compound rediscovery), navigate complex extractions of
secondary metabolites, and aid in comparing and contrasting the metabolite
content in data sets. Networks created by the software are made up of nodes
that represent an m/z of a compound and its associated MS/MS fragmentation
pattern. One current limitation of the basic function of the program is the
inability to deconvolute chromatograms by itself and asses the differences in
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chemical isomers and the associated isotopic patterns. This is a result of many
isomers having identical m/z values, fragmentation patterns, and isotopic
ratios being in mass spectra. The comparison of each fragmentation pattern is
scored using a unique cosine similarity equation calculated between 0 and 1,
where 0 indicates absolutely no similarities and 1 is identical fragmentation
patterns. Similar fragmentation patterns are clustered together when the
cosine score is above a set cosine threshold. To simplify the theory, similar
molecular structures will have similar fragmentation patterns and thus will be
connected by an edge. These networks allow for the identification and
dereplication of molecules with the same chemical scaffold quickly and
efficiently by the user based off of the fragmentation patterns. One key feature
is that this is an open-source platform, in that users are allowed to upload their
identified pure compound’s MS/MS fragmentation data, creating a vast library
of compounds and their associated MS/MS data for library identification in a
user’s network, which includes the type of instrument on which the original
data were obtained. To combat some limitations of the basic molecular
networking feature, certain script programs on the GNPS website have been
developed that allow the user to network based on isotope feature patterns
once raw data is dereplicated further using a different program (see MZmine
section). Halogenated metabolites can be easily identified and annotated in
mass spectrometry analysis owing to their distinct isotopic patterns. For
instance, 79Br and 81Br exist in approximately equal abundance, while
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35Cl

and

37Cl

are observed in a ratio of about 3:1. Thus, targeted mass spectrometry-

based acquisition can be designed.
Once networks are created, they can be downloaded by the user and
visualized using Cytoscape (Shannon et al., 2003). Cytoscape aids in
visualizing these networks of nodes representing molecules, linked by edges
to show intermolecular similarities. The general idea of Cytoscape is to handle
network layout, visual properties, as well as mapping data attributes. In
Cytoscape node size can be altered to represent precursor ion count, which
visualizes the abundance of each molecular ion in the extract/fraction. It is a
useful tool for viewing processed LC-MS/MS data for easy and clear
visualization (Figure 2).
2.2. MZmine Data Processing
Another computational script program that can help sort through large data
sets of LC-MS/MS data is MZmine (Pluskal et al., 2010). This processing tool
allows users to process and visualize MS data based on their molecular
profile. It is an open-source platform that is free to download for all users. The
program takes mzXML data pieces that contain MS1 and MS2 data lists and
allows for several different filtering and manipulation approaches. First data
can be filtered by a baseline cut off to create a mass list of the most prominent
ions. From there, these mass lists can be transformed into feature lists that
can be further analyzed to detect peaks of molecules with the same m/z but
have different retention times or those compounds that have distinct isotopic
patterns. Once feature lists have been aligned the user has the ability to
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clearly visualize the presence of specific ions detected (Katajamaa et al.,
2006). Further, data can be exported from MZmine and uploaded to the GNPS
website for feature based molecular networking.
2.3. MetaboAnalyst
Released over 10 years ago, the MetaboAnalyst version 5.0 is a high
throughput metabolomics data processing platform, free to download for all
users. This software works best with large data sets of high-resolution mass
spectrometry to aid in three goals; 1) LC-MS Spectra Processing; 2) Function
Analysis; and 3) Functional Meta-Analysis. The program allows for users to
upload up to 200 data files at once for processing. Once processed, data can
by visualized and inspected in chromatographic plots, and interactive 3D PCA
plots. Functional analysis allows the user to perform metabolic pathway
enrichment using the mummichog algorithm. In the data base there are
currently 26 different organisms represented (Li et al., 2013).
2.4. ReDu
Reanalysis of Data User (ReDu) was created because of the need to
reanalyze online public mass spectrometry metabolomics data (Jarmusch et
al., 2020). The need for this software spans from the reanalysis of public data
banks, along with co-analysis of your own mass spectrometry data. This large
meta-data base can be incorporated with the GNPS molecular networking
platform to network large publicly available data sets with the user’s own data
to find analogs of known compounds in the metadata or the user’s input data.
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Further statistical analysis, including the creation of PCA plots, can be created
to compare a user’s data to the publicly available data sets.
2.5. XCMS-Online
XCMS-Online (Smith et al., 2006; Tautenhahn et al., 2012) is one of the most
widely used, publicly available online platforms for quick statistical analysis of
LC-MS data sets. The main features of this tool for untargeted metabolomics
work, include feature detection, retention time correction, and easy statistical
analysis amongst groups. Pre-defined parameters for the user are readily
available and allow the user to select the instrument type used to capture the
LC-MS data being analyzed. The software also has a built-in library of spectra
for identification of known molecules using the METLIN MRM ID data bank.
Once data analysis is performed the results can viewed in easy to read and
customizable tables that include, the m/z, retention time, extracted ion
chromatograms, box plots, feature statistics, and potential metabolite
identifications. This tool is most useful for comparing high resolution LC-MS
data sets.
3. Conclusion
This dissertation will explore an in-depth metabolite profiling effort of
Trichodesmium spp. collected primarily from the western Gulf of Mexico, from
bloom events and free-floating colonies over a period of several years, as well
as cultivated strains of Trichodesmium erythraeum sent by collaborators. This
study only explores two major species of Trichodesmium that have been
highly studied in literature, Trichodesmium thiebautii and Trichodesmium
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erythraeum. The use of bioassay- and mass spectrometry-guided isolation
techniques in order to isolate new halogen-containing molecules, will lead to a
more thorough understanding of Trichodesmium spp. specialized metabolite
producing potential. In Chapter 2 of this dissertation, bioassay-guided
fractionation of a Trichodesmium collection utilizing mouse neuroblastoma
cells (neuro-2A), along with the use of high-resolution mass spectrometry and
semi-preparative HPLC led to the isolation and structure elucidation of a
dichlorinated molecule. The isolation focused on the metabolite based on its
halogenation pattern in mass spectral analysis. Following the completion of
this study, in Chapter 3, further evaluation of the fractions generated from a
2014 Trichodesmium thiebautii bloom collection were subjected to LC-MS/MS
untargeted metabolomics in order to visualize the whole chemical constitution
of the bloom event. This work allowed for rapid identification of known
molecules from the GNPS library, smenamides A and B (Teta et al., 2013)
and helped guide further elucidation of new chlorovinylidene-containing
metabolites similar in structure to smenamides A and B. Finally, in Chapter 4
of this study, LC-MS/MS molecular networking, along with other untargeted
and targeted mass spectrometry approaches were utilized to compare several
field and laboratory cultivated Trichodesmium spp. collections. These
collections encompassed a wide range of geographical locations across the
western Gulf of Mexico and the North Atlantic. Further analysis was conducted
to show the presence of similarly functionalized metabolites produced over a
time span of several years. Although there are limitations to this study, it fills in
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the knowledge gap of what specialized metabolites are produced in these
cyanobacterial blooms, which are repeatedly found in the Gulf of Mexico and
solves some of the mystery surrounding previous studies.
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Table 1. Metabolites isolated from cyanobacteria or associated organisms containing a
chlorovinylidene group.
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Figure 1. The predicted biosynthetic pathway of malyngamide C acetate from
Moss et al. 2018 highlighting the creation of the chlorovinylidene (red box).
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Figure 2. Visualization of nodes of a molecular network created on the GNPS
website and visualized in Cytoscape from Teta et al. 2019. In the enhanced
network cluster (circled), network nodes are labeled with the m/z of each
molecule and in select cases labeled with compound names. The colors
represent the share of each molecule found in a particular species (yellow =
sponge; green = cyanobacterium).
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CHAPTER 2
This chapter has been prepared in manuscript format, to be submitted to the
journal of Tetrahedron Letters and was accepted on October 25th, 2017. It can
be found in Volume 58, Issue 43, Pages 4066-4068. Supplementary data for
this manuscript can be found immediately following the manuscript.
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ABSTRACT
Mass spectrometry-guided isolation of the lipophilic extract of Trichodesmium
bloom material led to the isolation and structure characterization of a new
thiazole-containing dichlorinated polyketide (1). The structure of 1 was
deduced using 1D and 2D NMR analysis, high-resolution mass spectrometry
analysis and complementary spectroscopic procedures. Trichothiazole A
possesses interesting structural features, such as a terminal alkyne, two vinyl
chlorides and a 2,4-disubstituted thiazole. Trichothiazole A showed moderate
cytotoxicity to neuro-2A cells (EC50: 13.3 ± 1.1 μM).
Keywords: Trichodesmium, thiazole, heterocycles
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Introduction
Heterocyclic moieties contained within small natural molecules and
synthetics are desired functional groups in lead molecules in drug discovery. 1
Heterocyclic groups such as thiazoles, thiazolines, oxazoles and oxazolines
are often reported in cyanobacteria natural products as modified amino acids
in peptides, and hybrid polyketide-peptides.2 Thiazoles and thiazolines are
contained in structurally diverse, biologically active linear hybrid polyketidepeptides from cyanobacteria such as kalkitoxin,3 curacin,4 and barbamide.5
These functionalities are additionally found in cyclic compounds such as
hectochlorin6 and wewakazole.7 Cytotoxicity is a desired property for
chemotherapeutic lead molecules. Kalkitoxin showed potent cytotoxicity
against the HCT-116 human colon cancer cell line,8 while curacin has been
shown to act as a cytotoxin by tubulin inhibition.4
Our laboratory has been intensively chemically profiling blooms of the
cyanobacterium Trichodesmium collected from the Gulf of Mexico. Thus far we
have characterized the chlorinated polyketides trichophycin A and trichotoxins
A and B,9,10 as well as the macrocyclic hybrid polyketide-peptides tricholides A
and B and unnarmicin D.11 We have employed bioassays and NMR
examination to guide our isolations. However, having uncovered several
chlorinated metabolites from bloom chemical fractions,9,10 mass spectrometryguided isolation offers means to ultimately purify metabolites based on
molecular features identified from mass spectrometric isotopic data.
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Herein, we have utilized mass spectrometry-guided isolation to
characterize a new highly functionalized dichlorinated polyketide,
trichothiazole A (1) (Figure 1). In addition to multiple chlorinations, 1 features a
terminal alkyne and 2,4-disubstituted thiazole embedded in the linear
polyketide chain.
Results and Discussion
In our search for bioactive molecules from Trichodesmium sp. blooms,
chemical fractionation and isolation guided by mass spectrometric molecular
features such as the ratio of the M+, M+2 and M+4 peaks led to the isolation
of a colorless oil (1). HRESIMS analysis of 1 gave a protonated molecule
[M+H]+ of m/z 342.0857, suggesting a molecular formula of C17H21Cl2NS and a
requirement of 7 degrees of unsaturation. An isotopic ratio of 9:6:1 for the M+,
M+2, and M+4 peaks provided additional support for the presence of two
chlorine atoms.
Examination of 13C NMR and 2D NMR spectra of 1 identified 8
methylenes, 4 methines, 4 quaternary carbon atoms and signals consistent
with a terminal alkyne (δC 68.2, δH 2.19). A partial structure was deduced from
C-1 to C-6 in which two methylene groups were correlated by COSY (H2-5, δH
2.59; H2-6, δH 2.86) (cf. Table 1 and Figure 2). A second methylene group
(H2- 3, δH 2.82) was correlated by COSY to an olefin (H-2, δH 5.86; H-1, δH
6.17). Methylenes from these two spin systems (H2-3 and H2-5) were
correlated by HMBC to a quaternary carbon (C-4, δC 139.3). A singlet methine
proton (H-17, δH 5.99) showed an HMBC correlation to C-4. The polarization

42

of the C-4‒C-17 olefin (δC, 139.3 and 114.7) and the C-1‒C-2 olefin (δC 130.1
and 119.2) supported the assignment of two vinyl chloride groups. The C-1‒C2 olefin in 1 was determined to be E by virtue of a large vicinal 1H-1H coupling
constant (13.2 Hz). The 13.2 Hz coupling constant was very close to that
determined for the terminal vinyl chloride group in kimbeamide A (13.4 Hz). 12
An NOE correlation between H-17 and H-2 supported the C-4‒C-17 vinyl
chloride group configuration as E. A second partial structure was constructed
from C-10 to C-16. A deshielded methylene group (H2-10, δH 3.00) was
correlated by COSY to H2-11 (δH 1.79). COSY correlations extended the
aliphatic chain to position 14 with three additional methylene groups. A
moderately deshielded methylene group (H2-14, δH 2.17) was correlated by
HMBC to a quaternary carbon (C-15, δC 83.4). Examination of the HMBC
spectrum additionally correlated the H-16 proton (δH 2.19) to C-15. H-16 itself
was correlated to C-16 (δC 68.2) by HSQC and strongly supported the
assignment of a terminal alkyne functionality. Four of the seven degrees of
unsaturation were accounted for by the assigned double and triple bonds.
Three carbons remained unassigned. Two were quaternary carbons δ C 171.2
and 155.0. The latter of was part of an extremely polarized olefin with a
second carbon (C-8, δC 113.0) as indicated by an HMBC correlation from H-8
(δH 7.01) to C-7 (δC 155.0). Examination of the molecular formula and the
remaining carbon chemical shifts supported assignment of a thiazole
functionality. HMBC correlations from H2-10 to C-9 and H2-6 to C-7 supported
a 2,4-disubstituted thiazole moiety and the two double bonds in the thiazole
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and the ring satisfied the remaining three degrees of unsaturation and
completed the structure of 1 (Figure 2). Trichothiazole A (1) showed moderate
cytotoxicity against the murine neuroblastoma cell line Neuro-2A (EC50: 13.3
± 1.1 μM). The small quantity of 1 isolated (0.2 mg) precluded further testing
against more cell lines and further biological evaluation at the present time.
Both natural and synthetic 2,4-disubstituted thiazole containing
compounds have shown intriguing biological activities other than cytotoxicity
such as anti-inflammatory, anti-viral, antibacterial, anti-fungal, and antiplasmodial activity.13 Continued access to diverse structural elements
surrounding the thiazole functionality are important for continued
understanding of structure-activity relationships for natural and synthetic
derivatives containing an embedded thiazole. Trichothiazole A (1) represents a
new addition to the diverse group of polyketides with embedded thiazoles
isolated from the marine realm. In addition to the thiazole-containing
polyketide compounds isolated from cyanobacteria referenced above, the
antihelminthic mycothiazole was isolated from the marine sponge Spongia
mycofijiensis,14 and WS75624 A and B were isolated from the fermentation
broth of Saccharothrix sp. No. 75624.15 These compounds showed potent
endothelin converting enzyme inhibition.15 Trichothiazole A (1) shows
unprecedented structural features for a natural molecule in the acyclic portions
surrounding the thiazole, a terminal alkyne and two vinyl chloride moieties.
The terminal alkyne has been observed in the previously reported trichotoxin
B10 (Figure 1) and vinyl chloride functionalities have been observed in
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trichophycin A and trichotoxins A and B.9 However, these molecules are
constructed as linear polyketides without any modified amino acid portions.
We predict that the biosynthetic pathway for the construction of trichothiazole
contains elements previously observed in cyanobacterial metabolites such as
jamaicamide A and curacin A.16,17 The terminal alkyne may be formed by a
fatty acid desaturase following loading of an octanoic acid starter unit as
predicted in jamaicamide biosynthesis.16 Next a cysteine amino acid would be
incorporated by an NRPS module with a cyclization domain to generate the
thiazole. PKS modules would add three acetate units to the linear molecule
and the cysteine carbonyl would be fully reduced by domains contained in the
first PKS module. We predict the first acetate unit would be modified by an
HMG CoA synthase to an exomethylene vinyl group18 and the second and
third would be modified by a decarboxylating thioesterase as observed in
curacin17 to create a terminal alkene. The two alkenes would be halogenated
to generate the vinyl chlorides (Figure S11). A second putative trichothiazole
analog with an [M+H]+ of m/z 344.1005 suggesting a molecular formula of
C17H23Cl2NS (calcd for C17H24Cl2NS, 344.1007) was detected in our HPLC
fractionation and HRESIMS analysis. The molecule showed greater retention
time than trichothiazole and the ion had the same isotopic pattern of 1
indicating dichlorination. However, this likely analog was not isolable in pure
quantities necessary for NMR analysis. Overall, Trichodesmium blooms
appear to be an intriguing source of highly functionalized natural molecules
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and our future work will focus on metabolic profiling of Trichodesmium blooms
spatially and temporally.
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Table 1. NMR data for trichothiazole A (1) (500 MHz for 1H NMR and 175 MHz
for 13C NMR, CD3OD).
Position

δC, type

δH (J in Hz)

1

119.2, CH

6.17, dt (13.2,
1.5)

2

130.1, CH

5.86, dt (13.2,
7.5)

C-17

3

35.4, CH2

2.82, dt (7.5,
1.4)

C-1, C-2, C-4, C-5, H-2
C-17

4

139.3, qC

5

29.4, CH2

2.59, m

C-3, C-4, C-6, C-7, H-6
C-17

6

27.9, CH2

2.86, m

C-4, C-5, C-7, C-8

7

155.0, qC

8

113.0, CH

7.01, s

C-7, C-9

9

171.2, qC

10

32.4, CH2

3.00, m

C-9, C-11, C-12

H-11

11

29.5, CH2

1.79, m

C-10, C-12

H-10, H12

12

27.6, CH2

1.51, m

C-11, C-13

H-11

13

27.8, CH2

1.56, m

C-12, C-15

H-14

14

17.5, CH2

2.17, m

C-13, C-15

H-13

15

83.4, qC

16

68.2, CH

2.19, t (2.6)

C-15

17

114.7, CH

5.99, s

C-4

HMBC

49

COSY
H-2
H-1, H-3

H-5

Figure 1. Structure of Trichothiazole A (1) and the previously reported
trichotoxin B.
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Figure 2. Key 2D NMR correlations of 1.
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Supporting Information: Trichothiazole A, a dichlorinated polyketide
featuring an embedded thiazole isolated from Trichodesmium blooms
Richard S. Belisle, Christopher W. Via, Tracey B. Schock, Tracy A. Villareal,
Paul V. Zimba, Kevin R. Beauchesne, Peter D. R. Moeller, Matthew J. Bertin
Additional Experimental Detail.

1. Experimental Section.

Figure S1. 1H NMR spectrum of trichothiazole A (1) (500 MHz, CD3OD).
Figure S2. 13C NMR spectrum of 1 (175 MHz, CD3OD).
Figure S3. HSQC spectrum of 1 (CD3OD).
Figure S4. HMBC spectrum of 1 (CD3OD).
Figure S5. COSY spectrum of 1 (CD3OD).
Figure S6. TOCSY spectrum of 1 (CD3OD).
Figure S7. NOESY spectrum of 1 (CD3OD).
Figure S8. HRESIMS spectrum of 1.
Figure S9. Neuro-2A cytotoxicity dose response of trichothiazole A.
Figure S10. HRESIMS spectrum of putative trichothiazole analog m/z
344.1005.
Figure S11. Possible biosynthetic pathway to trichothiazole (1).
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1. Experimental Section
1.1. General Experimental Procedures. Optical rotations were measured using a Jasco P-2000 polarimeter. UV spectra were measured using a Beckman
Coulter DU-800 spectrophotometer. NMR spectra were collected using a
Bruker 700 MHz NMR instrument with methanol-d4 as the internal standard.
Additional 1H and NOE data were recorded on a Varian 500 MHz NMR instrument. HRESIMS analysis was performed using an AB SCIEX TripleTOF 4600
mass spectrometer with Analyst TF software. Semi-preparative HPLC was
carried out using a Dionex UltiMate 3000 HPLC system each equipped with a
micro vacuum degasser, an autosampler and a diode-array detector.
1.2. Collection of Biological Material. Samples of Trichodesmium thiebautii
were collected in July and August of 2005 at approximately 27.85°N latitude
and 94.59°W longitude in the western Gulf of Mexico as previously described.1
The resulting cell mass was concentrated and frozen at -20 °C until processed
in the laboratory. T. thiebautii was identified by light microscopy using
standard morphological characteristics. A second localized bloom of T.
thiebautii was collected from Padre Island, Corpus Christi, TX during 9-11 May
2014 and processed as described previously.2 The cell mass was examined
microscopically and identified using Komarek (2002).3 While the field collected
material was identified as T. thiebautii from field characters, it likely represents
a mixture of multiple spp. from clade I of Trichodesmium.4 A preserved
voucher sample of the biological material collected from Padre island is kept in
our laboratory with the identification number TTPI2014.
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1.3. Extraction and Isolation of Compound 1. Trichodesmium biomass
(14.4 g, dry wt) was repeatedly extracted with 2:1 CH2Cl2-CH3OH affording
3.95 g of crude lipophilic extract. This crude extract was dissolved in hexanes
and fractionated over silica gel using vacuum liquid chromatography (VLC)
and a stepped gradient of hexanes, EtOAc and CH3OH. The fraction eluting
with 100% CH3OH (2.09 g) was further fractionated over a 10 g C18 SPE column eluting with 50% CH3CN in H2O, 100% CH3CN, 100% CH3OH and 100%
EtOAc. The fraction eluting with 100% CH3CN (273.30 mg) was subjected to
RP-HPLC using a Kinetex 5 µm C18 column (250 x 10 mm) using a gradient
method. The method began with a flow rate of 3 mL/min and initial conditions
held for 5 min: 50% water and 50% CH3CN and each solvent modified with
0.05% formic acid. A linear gradient was employed after 5 min reaching 100%
CH3CN at 30 min. These conditions were held until 35 min after which a return
to initial conditions occurred from 36 to 45 min. Fractionation was carried out
by time, collecting fractions at 5 min increments. Each fraction (8 total) was
analyzed by HRESIMS searching for molecular features consistent with halogenation. The fraction from 25-30 min was evaporated under reduced pressure and subjected to RP-HPLC using the above Kinetex column and a solvent system of 25% water in CH3CN with 0.05% formic acid added was used
for elution with a flow rate of 3 mL/min. A peak was isolated at 14.7 min. This
fraction was evaporated under reduced pressure, analyzed via HRESIMS and
subjected to RP-HPLC using a Luna 5 µm Phenyl-hexyl column (250 x 10
mm). A solvent system of 35% water in CH3CN with 0.05% formic acid added
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was used for elution at a flow rate of 3 mL/min and a peak was isolated at 30.4
min. This product was evaporated under reduced pressure and analyzed by
HRESIMS. A final purification was carried out using a Kinetex 5 µm C18 column (250 x 10 mm) and a flow rate of 3 mL/min. The solvent system consisted
of 25% water in CH3CN with 0.05% formic acid added. This resulted in the isolation of trichothiazole A (1) (0.2 mg, tR: 14.5 min).
Trichothiazole A (1): colorless oil; α25D -6.3 (MeOH, c 0.04); UV (MeOH)
λmax (log ε) 201 (3.7), 242 (3.2) nm; (1H NMR (500 MHz, CD3OD) and 13C
NMR (175 MHz, CD3OD), see Table 1; HRESIMS m/z 342.0857 [M+H]+ (calcd
for C17H22Cl2NS, 342.0850).
1.4. Cytotoxicity Assay. Neuro-2A cells were added to 96 well plates in 100
μL Eagle’s Minimum Essential Media (EMEM) supplemented with 10% FBS
each at a density of 5000 cells/well. Cells were incubated overnight (37 °C,
5% CO2). Purified 1 was dissolved in DMSO (1% v/v) and added to the cells in
the range of 100 to 0.1 μM. Four technical replicates were prepared for each
concentration and results were recorded for three experimental replicates.
Doxorubicin was used as the positive control (EC50:Neuro-2A = 139 ± 34.5
nM). Plates were incubated for 72 h after which 15 μL of MTT dye were added
each assay well. The dye was allowed to incubate with the cells for 4 h after
which the media was aspirated, and the remaining crystals were solubilized in
100 μL DMSO. The plates were incubated at 37 °C for 30 min to facilitate the
dissolution of the crystals. Absorbance at 540 nm was measured using a
Molecular Devices SpectraMax plate reader and % viability was calculated
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compared to the negative control (1% DMSO) and EC50 curves were
generated using GraphPad Prism 6.
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Figure S1. 1H NMR spectrum of trichothiazole A (1) (500 MHz, CD3OD)
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Figure S2. 13C NMR spectrum of 1 (175 MHz, CD3OD).
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Figure S3. HSQC spectrum of 1 (CD3OD).
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Figure S4. HMBC spectrum of 1 (CD3OD).
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Figure S5. COSY spectrum of 1 (CD3OD).
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Figure S6. TOCSY spectrum of 1 (CD3OD).
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Figure S7. NOESY spectrum of 1 (CD3OD).
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Figure S8. HRESIMS spectrum of 1.
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Figure S9. Neuro-2A cytotoxicity dose response of trichothiazole A.
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Figure S10. HRESIMS spectrum of putative trichothiazole analog m/z
344.1005.
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Figure S11. Possible biosynthetic pathway to trichothiazole (1). In the
proposed pathway 7-octynoate is loading into the hybrid PKS-NRPS system.
For details see discussion text. Domain abbreviations: ACP, acyl carrier
protein; Cy, cyclization; A, adenylation; PCP, peptidyl carrier protein; KS,
ketosynthase; AT, acyltransferase; KR, ketoreductase; DH, dehydratase; ER,
enoyl reductase; HMG, HMG-CoA synthase; ECH, enoyl CoA hydratase; ST,
sulfotransferase; TE, thioesterase; Hal, halogenase.
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CHAPTER 3

This chapter has been prepared as a manuscript to be submitted to Frontiers
in Chemistry. It was accepted 09 July 2018 and published on 26 July 2018. It
can be found in Volume 6, Article 316. Supplemental material for this
manuscript can be found immediately following the manuscript.
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Abstract
Members of the cyanobacterial genus Trichodesmium are well known for their
substantial impact on nitrogen influx in ocean ecosystems and the enormous
surface blooms they form in tropical and subtropical locations. However, the
secondary metabolite composition of these complex environmental bloom
events is not well known, nor the possibility of the production of potent toxins
that have been observed in other bloom-forming marine and freshwater
cyanobacteria species. In the present work, we aimed to characterize the
metabolome of a Trichodesmium bloom utilizing MS/MS-based molecular
networking. Furthermore, we integrated cytotoxicity assays in order to identify
and ultimately isolate potential cyanotoxins from the bloom. These efforts led
to the isolation and identification of several members of the smenamide family,
including three new smenamide analogs (1–3) as well as the previously
reported smenothiazole A-hybrid polyketide-peptide compounds. Two of these
new smenamides possessed cytotoxicity to neuro-2A cells (1 and 3) and their
presence elicits further questions as to their potential ecological roles. HPLC
profiling and molecular networking of chromatography fractions from the bloom
revealed an elaborate secondary metabolome, generating hypotheses with
respect to the environmental role of these metabolites and the consistency of
this chemical composition across genera, space and time.
Keywords: Trichodesmium, molecular networking, cyanotoxins, harmful algal
blooms, metabolomics
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INTRODUCTION
Blooms of toxin-producing cyanobacteria (harmful algal blooms, HABs)
continue to be a threat to water resources in the U.S. and across the globe
(Carmichael and Boyer, 2016). Research surrounding these bloom events with
respect to cyanobacteria has generally focused on freshwater planktonic
species and a suite of well-characterized toxins, including the anatoxins,
saxitoxins and microcystins (Bláha et al., 2009). However, species of
cyanobacteria in the marine realm have been a prolific source of exquisitely
potent cytotoxic metabolites (Luesch et al., 2001; Taori et al., 2008; Pereira et
al., 2012). Members of the bloom-forming genus Trichodesmium are an
understudied group of marine cyanobacteria with respect to toxin production
and environmental impact. With respect to new natural products, the cyclic
peptide trichamide was characterized from a cultured strain of Trichodesmium
erythraeum, although no significant cytotoxicity was observed against HCT116 cells and CEM-TART cells when tested at 10 and 50 µg/mL, respectively
(Sudek et al., 2006). The lipoamides, credneramides A and B were isolated
and characterized from a field-collected benthic cyanobacterium identified as a
new species of Trichodesmium (Malloy et al., 2012). These metabolites
inhibited spontaneous calcium oscillations in murine cerebrocortical neurons
(Malloy et al., 2012). Several known cyanotoxins, such as anatoxin, saxitoxin,
microcystins and aplysiatoxins have been reported from Trichodesmium
blooms collected from distinct geographic areas (Ramos et al., 2005; Detoni et
al., 2016; Shunmugam et al., 2017).
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In the current report, we detail the comprehensive metabolic profiling of
a Trichodesmium bloom collected from the western Gulf of Mexico utilizing
MS/MS-based molecular networking (Watrous et al., 2012; Yang et al., 2013;
Wang et al., 2016) and cytotoxicity assays. In our previous work on this
Trichodesmium bloom, we have utilized cytotoxicity assays, NMR-guided
isolation and MS-guided isolation independently to characterize chlorinated
polyketides and hybrid polyketide peptides (Bertin et al., 2016, 2017a,b;
Belisle et al., 2017). The current report attempts to describe the
Trichodesmium bloom metabolome more completely, focusing on a
networking tool to cluster molecules based on similarities in the MS/MS
fragmentation patterns (Watrous et al., 2012). Our efforts ultimately led to the
isolation and characterization of three new members of the smenamide family
of molecules (1– 3) and the previously reported smenothiazole A (Figure 1).
Smenamides C and E demonstrated potent neurotoxicity (1 and 3).
MATERIALS AND METHODS
General Experimental Procedures
Optical rotations were measured using a Jasco P-2000 polarimeter. UV
spectra were measured using a Beckman Coulter DU-800 spectrophotometer.
CD spectra were recorded using a Jasco J-1100 CD spectrometer. NMR
spectra were collected using a Bruker 800 MHz NMR instrument. Additional
NMR spectra were recorded on a Varian 500 MHz NMR instrument. HRESIMS
analysis was performed using an AB SCIEX TripleTOF 4600 mass
spectrometer with Analyst TF software. LC-MS/MS analysis was carried out
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using a ThermoFinnigan LCQ AdvantageMax mass spectrometer with an
electrospray ionization (ESI) source. Semi-preparative HPLC was carried out
using a Dionex UltiMate 3000 HPLC system and Agilent 1100 series system
each equipped with a micro vacuum degasser, an autosampler and a diodearray detector.
Collections, Extraction and Fractionation of Bloom Material
Samples from a localized bloom of Trichodesmium were collected from Padre
Island, Corpus Christi, TX during 9–11 May 2014 as described previously
(Bertin et al., 2016, 2017a,b; Belisle et al., 2017). Briefly, bloom material was
collected in 5-gallon buckets from ca. 0.5-meter water depth and concentrated
by gentle filtration through an 18 µm mesh screen. A subsample of the cell
mass was examined microscopically and identified using Komárek and
Anagnostidis (2005) as being dominated by cyanobacteria of the genus
Trichodesmium. The material was frozen and shipped for further chemical
analysis. The biomass (ca. 14 g dry weight) was repeatedly extracted with 2:1
CH2Cl2:CH3OH and the extracts were combined and evaporated under
reduced pressure (3.95 g). The extract was reconstituted in hexanes and
applied to silica gel (300 mL) in a wide fritted column with a vacuum
attachment. The extract was fractionated using a stepped gradient from 100%
hexanes to 100% CH3OH resulting in nine fractions. Seven of the nine
fractions (C-I) were further analyzed by means of cytotoxicity assays and
MS/MS-based molecular networking. The first two fractions: 100% hexanes
(A) and 90% hexanes in EtOAc (B) were intended to remove hydrocarbons
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and exceedingly lipophilic substances from the sample and were not analyzed
further.
Molecular Networking
Fractions C-I were subjected to LC-MS/MS analysis with data collection in
data-dependent acquisition mode on a ThermoFinnigan LCQ AdvantageMax
mass spectrometer with an electrospray ionization (ESI) source. A Kinetex
5µm C18 column (100 × 4.6 mm) was used for separation of analytes. The LC
method consisted of a linear gradient from 30 to 99% CH3CN in water + 0.1%
formic acid over 17 minutes, followed by an isocratic period at 99% CH3CN of
3 minutes. The flow rate was held at 0.6 mL/min. The MS spray voltage was 5
kV with a capillary temperature of 400⁰C. For the MS/MS component, the CID
isolation width was 2.0 and the collision energy was 35.0 eV. The raw data
files were converted to mzXML format using MSConvert from the
ProteoWizard suite (http://proteowizard.sourceforge.net/tools. shtml)1 . The
molecular network was generated using the online platform at Global Natural
Products Social Molecular Networking website (gnps.ucsd.edu) using
parameters detailed in Table S5. The network was visualized using the
Browser Network Visualizer tool available on the GNPS website.
Isolation of 1-3 and Smenothiazole A
Fractions G (100% EtOAc, 104.0 mg) and H (75% EtOAc in CH3OH, 286.9
mg) were chosen for further purification based on the quantity of network ions
in these fractions, the molecular features of these ions (ratio of M+ and M+2
isotope), and cytotoxicity results of the mixed chromatography fractions.
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Fractions G and H were combined based on similarities in LC-MS/MS profiles
and 1H NMR resonances. The combined sample was further fractionated over
a 2 g C18 SPE column eluting with 50% water in CH3CN (13.7 mg), 100%
CH3CN (143.2 mg), 100% CH3OH (74.5 mg) and 100% EtOAc (54.5 mg). The
fraction eluting with 100% CH3CN was subjected to reversed phase HPLC
using a YMC 5µm ODS column (250 × 10 mm); mobile phase: 65% CH3CN
/35% water with 0.05% formic acid added to each solvent, flow 3 mL/min.
Fractions were collected based on UV characteristics and HPLC fractions
were analyzed by HRESIMS for ions of interest from the molecular network.
Further purification was carried out using the YMC column mentioned above;
mobile phase: 80% CH3CN in water with 0.05% formic acid added to each
solvent, flow 3 mL/min resulted in the isolation of 7.0 mg of 1 (tR, 11.5 min). A
mobile phase of 65% CH3CN in water with 0.05% formic acid added to each
solvent, flow 3 mL/min was used to isolate 0.6 mg of 2 (tR, 26.0 min) and 0.3
mg of 3 (tR, 21.2 min). A final purification was carried out using a YMC 5 µm
ODS column (250 × 10 mm); mobile phase: 80% CH3CN in water with 0.1%
formic acid added to each solvent, flow 3 mL/min and 2.0 mg of smenothiazole
A was isolated (tR, 5.0 min).
Smenamide C (1): colorless oil; [α] 25D +38.2 (c 0.20, CH3OH); UV (CH3OH)
λmax (log ε) 203 (4.2), 238 (4.0) nm; 1H NMR (800 MHz, DMSO-d6) and 13C
NMR (200 MHz, DMSO-d6), see Table 1; HRESIMS m/z 467.2661 [M+H]+
(calcd for C25H40N2O4Cl, 467.2677) and m/z 489.2486 [M+Na]+ (calcd for
C25H39N2O4ClNa, 489.2496).
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Smenamide D (2): colorless oil; [α] 25D +16.8 (c 0.10, CH3OH); UV (CH3OH)
λmax (log ε) 203 (3.4), 240 (3.3) nm; 1H NMR (800 MHz, CDCl3) and 13C NMR
(200 MHz, CDCl3), see Table S3; HRESIMS m/z 467.2693 [M+H]+ (calcd for
C25H40N2O4Cl, 467.2677) and m/z 489.2492 [M+Na]+ (calcd for
C25H39N2O4ClNa, 489.2496).
Smenamide E (3): colorless oil; [α] 25D +21.9 (c 0.05, CH3OH); UV (CH3OH)
λmax (log ε) 203 (4.1), 235 (3.8) nm; 1H NMR (800 MHz, DMSO-d6) and 13C
NMR (200 MHz, DMSO-d6), see Table 2; HRESIMS m/z 499.2935 [M+H]+
(calcd for C26H44N2O5Cl, 499.2939).
Smenothiazole A: colorless oil; [α] 23D −5.8 (c 0.10, CH3OH) UV (CH3OH)
λmax (log ε) 202 (3.4) nm; 1H NMR (800 MHz, DMSO-d6) and 13C NMR (200
MHz, DMSO-d6), see Table S4; HRESIMS m/z 486.1984 [M+H]+ (calcd for
C26H33ClN3O2S, 486.1982).
RESULTS
Trichodesmium Bloom-Cytotoxicity of Chromatography Fractions and
Molecular Network
Several of the chromatography fractions (D–H) derived from the bloom
material showed strong cytotoxicity against neuro-2A cells at 40 µg/mL (Figure
S1). Fraction D showed the greatest potency at 4 µg/mL. Examination of the
molecular network showed that compounds from cluster 3 were major ions in
fraction D (Figure 2). However, these metabolites were not isolable following
further purification procedures. The majority of the metabolites in the
molecular network were found in fractions F–I. We identified cluster 2 as a
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molecular cluster of interest due to the number of ions in the cluster and the
M+ and M+2 ratio indicating a single chlorine atom in each of these metabolites
(cf. Figures 2, 3). Additionally, fractions G and H showed potent cytotoxicity
against neuro-2A cells; thus, our subsequent purification efforts centered on
these two fractions. HPLC analysis indicated abundant metabolites in the
combined G+H HPLC pre-fraction (Figure S2) and repeated chromatography
resulted in the isolation of 1–3 as optically active colorless oils.
Structure Characterization of 1-3
HRESIMS analysis of 1 gave an [M+H]+ of m/z 467.2661, suggesting a
molecular formula of C25H39N2O4Cl and a requirement of 7 degrees of
unsaturation. Examination of the 1H NMR spectrum of 1 showed several
resonances with split signals in a 1:1 ratio, a phenomenon observed in several
cyanobacteria metabolites with methylated tertiary amides such as
smenamides A and B and kalkitoxin (Wu et al., 2000; Teta et al., 2013). The
split signals were determined to be the result of two conformers in the E and Z
configuration at the tertiary amide functionality in 1. This phenomenon was
observed for all three new metabolites (1–3); in the structure characterization
for each of these compounds, the data for the Z conformer is discussed. NMR
data tables in the Supporting Information provide information on the E
conformer. While the multiple conformers presented difficulties in NMR
interpretation, three partial structures of 1 (a–c) were characterized initially
based on 1H-1H COSY spin systems followed by HMBC correlation analysis
(Figure 4). In the first partial structure (a), a moderately deshielded
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diastereotopic methylene group (H-20a, δH 2.12; H20b, δH 2.07) was
correlated by COSY to a second methylene group (H2-21, δH 1.56) which itself
was correlated by COSY to a third methylene group (H2-22, δH 3.26). This
latter deshielded methylene was correlated by HMBC to C-23 (δC 35.9) and
the C-24 carbonyl (δC 169.9). The singlet methyl (H3-25, δH 1.97) showed an
HMBC correlation to C-24 and characterized the western half of 1 with an Nmethyl acetamide functionality. In the second partial structure of 1 (b), another
moderately deshielded diastereotopic methylene group (H-17a, δH 2.22; H17b, δH 2.10) showed COSY correlations to the H-16 methylene (H-16a, δH
1.49; H-16b, δH 1.35). H2-16 showed COSY correlations to the H-14 methine
(δH 2.45), which itself showed COSY correlations to a doublet methyl (H3-15,
δH 0.94) and olefinic proton (H-13, δH 5.59). A singlet methyl (H3-12, δH 1.77)
and H-13 showed HMBC correlations to a quaternary carbon (C-11, δC 131.7)
and the C-10 carbonyl (δC 170.6) extending the polyketide chain of 1. The C11–C-13 olefin was assigned E geometry based on the 13C chemical shift of
C-12 (δC 13.7) compared to δC 20.1 for the Z geometry (see below). The two
sets of moderately deshielded methylenes (H2-20 and H2-17) showed HMBC
correlations to the quaternary carbon at C-18 (δC 142.8). A deshielded
methine singlet (H-19, δH 6.04) also showed an HMBC correlation to C-18,
supporting an exomethylene vinyl chloride bridge connecting partial structures
a and b. The configuration of the vinyl chloride was assigned as Z based on
NOE correlations from H-19 to H2-17 and H2- 16. The chemical shift of C-10
was consistent with that of an amide functionality and COSY correlations from
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H-4 to H-8 supported the assignment of a leucine residue in the third partial
structure. However, the chemical shift at C-3 was somewhat deshielded for
that of a standard amide or ester carbonyl (δC 180.3). An O-methyl singlet (H39, δH 3.87) was correlated to C-3 by HMBC supporting the presence of a
methoxy functionality. Additionally, H-2 (δH 5.28) was correlated to C-3 and the
C-1 carbonyl by HMBC. HMBC correlations from H-2 and H-4 to C10
connected the third partial structure to the remainder of the molecule,
establishing an isobutyl-methoxypyrrolinone moiety and satisfying the final
three degrees of unsaturation required by the molecular formula. The structure
of 1 was established as a highly functionalized linear polyketide-peptide of the
smenamide family (Teta et al., 2013). While the correlations and chemical
shifts described above relate to the Z conformer of 1, NMR data for the E
conformer were also analyzed, and are listed in Table S1.
The absolute configuration of 1 (4S, 14R) was determined to be
identical to that of smenamide A by comparison of the CD spectrum of 1 to
that of naturally occurring smenamide A (Caso et al., 2017). The spectra were
nearly identical in sign and magnitude.
HRESIMS analysis of 2 gave an [M+H]+ of m/z 467.2693, suggesting a
molecular formula of C25H39N2O4Cl, identical to that of 1. Examination of 1H
NMR, multiplicity-edited HSQC, and HMBC spectra of 1 and 2 showed that the
two molecules were nearly identical (cf. Tables S2 and S3). 13C NMR
differences were most pronounced at C-12 (δC 13.7 in 1; δC 20.1 in 2) and C13 (δC 142.7 in 1; δC 135.9 in 2). These chemical shifts and the NOE
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correlations between H3-12 and H-13 in 2 supported the Z configuration of the
C-11–C-13 olefin in 2 and established 2 as a geometric isomer of 1. The
absolute stereochemistry of 2 is proposed to be identical to that of 1 based on
similarity in optical rotation values.
HRESIMS analysis of 3 gave an [M+H]+ of m/z 499.2935, suggesting a
molecular formula of C26H43N2O5Cl, and a requirement of 6 degrees of
unsaturation. The examination of 1H and 13C NMR data and the placement of
m/z 499 in the same molecular network cluster as smenamide C and D (1 and
2), suggested that 3 was a close structural analog. The reduction in degrees of
unsaturation in 3 compared to 1 was due to the presence of a secondary
alcohol at C-13 (H-13, δH 3.73; C-13, δC 74.3) in 3 and a methine at C-11 (H11, δH 3.95; C-11, δC 42.7). The H-11 and H-13 methine protons were
correlated by COSY and H-13 also showed a COSY correlation to H-14 (δH
1.48). Additionally, the C-25 methyl resonance of the acetyl group in 1 and 2
was not present in 3. COSY correlations between a methylene at H-25 (δH
2.27) and a methyl triplet at H-26 (δH 0.97) supported an Nmethylpropanamide functionality in 3 and completed the planar structure of
smenamide E (3). The secondary alcohol of 3 was resistant to acylation with
Mosher’s acid chloride and the configuration of this position could not be
determined by chemical derivative formation. Therefore, in the current report,
we report only the planar structure for this new metabolite.
During the attempt to isolate the compound with an m/z 530 from
cluster 2 in the network (Figure 3), we isolated a peptidic compound with
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spectrometric and spectroscopic characteristics consistent with that of the
previously reported cytotoxin smenothiazole A (Esposito et al., 2015). Analysis
of NMR data, optical rotation value, and CD spectra (negative Cotton effect at
234 nm, Figure S35) confirmed its identity.
Cytotoxicity of 1–3
Smenamides C and E (1 and 3) showed greater cytotoxicity to neuro-2A cells
than to the human colon cancer cell line HCT-116. Smenamide E (3) showed
the greatest potency to neuro2A cells with an EC50 value of 4.8 ± 0.6 µM
(EC50: 18.6 ± 1.8 µM against HCT-116 cells). Smenamide C (1) showed
similar selective potency (EC50 neuro-2A: 7.2 ± 3.1 µM; EC50 HCT-116: 20.9 ±
2.1 µM). Interestingly, smenamide D (2), the geometric isomer of smenamide
C (1), did not show cytotoxicity against either cell line.
DISCUSSION
In our previous work on Trichodesmium blooms and their natural products, we
have utilized cytotoxicity assays, NMR-guided isolation, and MS-guided
isolation (Bertin et al., 2016, 2017a,b; Belisle et al., 2017). We have previously
characterized the cytotoxic polyketide trichophycin A, the polyketides
trichotoxins A and B, and the moderately cytotoxic polyketide-peptide
trichothiazole (Bertin et al., 2016, 2017b; Belisle et al., 2017). In the current
network, we did observe an m/z value consistent with trichothiazole (Figure
2). The node was in cluster 1 (m/z 342) and showed an identical MS/MS
fragmentation pattern to that of trichothiazole. However, we did not observe
nodes for trichophycin A or trichotoxins A and B. It should be noted that the
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macrocyclic polyketide-peptides tricholides A and B and unnarmicin D (Bertin
et al., 2017a) also clustered in the network (Figure 2, cluster 4). It may be that
some metabolites in the bloom metabolome do not ionize well by ESI+ or give
informative fragments during MS/MS acquisition; this represents a limitation in
the implementation of MS/MS-based networking to describe bloom
metabolomes. Thus, the metabolite information gained in the network may be
somewhat biased toward peptides and hybrid polyketide-peptides.
Nevertheless, taking into account the limitations of this approach, molecular
networking was a remarkable tool for visualizing a complex metabolome rich in
metabolites with intriguing structural elements and cytotoxicity to neuro-2A
cells. Analyzing fractions C-I using the networking procedure identified 93
nodes that were members of 13 clusters. This approach allowed us to isolate
and characterize three new members of the smenamide family (1–3).
Furthermore, within the smenamide cluster, we tentatively identified the known
compound smenamide A or B (double bond isomers of each other at m/z 501).
This later node in cluster 2 (Figure 3) showed an identical MS/MS
fragmentation pattern to that of smenamide A/B from published data and the
HRESIMS analysis supported this identification (Figure S36) (Teta et al.,
2013). Both of these known metabolites are very potent cytotoxins with IC 50
values around 50 nM against Calu-1 cells (Teta et al., 2013). Smenamides C
and E (1 and 3) were less potent cytotoxins than smenamide A and B,
possibly due to the replacement of the phenylalanine amino acid unit with
leucine (1, 3). Intriguingly, smenamide D (2) was not cytotoxic to either the
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neuro-2A and HCT-116 cell lines and we speculate that the cis configuration in
the middle of the polyketide chain may affect binding of 2 to its molecular
target. Smenothiazole A showed nanomolar levels against multiple cell lines
and was previously isolated from a marine sponge; however, the authors
indicate a likely cyanobacterial origin (Esposito et al., 2015). This is the first
report of smenothiazole A from a bloom of Trichodesmium.
Overall, the networking procedure has identified new target molecules
for isolation such as those in cluster 1 (Figure 2). A comprehensive
characterization of the chemical space within the bloom material is challenging
as the metabolic composition of the sub-fractions we have generated are all
nearly as complex as that of the sub-fraction from which 1–3 were isolated
(Figure S2). The networking tool significantly improves the efficiency of our
isolation and characterization workflow.
We did not identify anatoxins, saxitoxins or microcystins during the
course of this analysis. This may be due to our focus on lipophilic metabolites,
low abundance of these compounds in our samples, or a lack of informative
MS/MS fragments. Trichodesmium blooms are complex events harboring a
diverse array of microorganisms (Capone et al., 1997). Thus, the unequivocal
identification of the producing organisms of the toxic metabolites described in
this current work and other studies from environmental collections will
ultimately require pure cultivation of producing organisms, the identification of
biosynthetic gene clusters of toxic molecules, or the localization of metabolites
to particular cell types (Simmons et al., 2008). In the original isolation and
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characterization of smenamides A and B, the authors suggest that a
cyanobacterial symbiont is the true producer of the sponge-derived
compounds (Teta et al., 2013). The present report supports this observation,
as certain structural features such as the exomethylene vinyl chloride moiety
are characteristic of cyanobacterial metabolism (Kan et al., 2000; Edwards et
al., 2004; Nunnery et al., 2012). To the best of our knowledge, the N-methyl
propanamide functionality in 3 has not previously been reported in a
polyketide-peptide from cyanobacteria, and represents a biosynthetically
intriguing unit because these organisms are not known to produce propionate.
Conceivably, it may derive from an S-adenosylmethionine (SAM)-mediated
methylation of an acetate precursor, the proposed first building block in the
production of these smenamide-type natural products. This would be a similar
biosynthetic transformation to that involved in producing the t-butyl group in
apratoxin A which employs a combination of two SAM methyl transferases to
incorporate these methyl groups (Grindberg et al., 2011; Skiba et al., 2017).
The identification of these neurotoxic metabolites (1 and 3) and the
other more potent smenamides and smenothiazole A from a Trichodesmium
bloom raises important questions as to their ecological role during these
events. It will be important to characterize these bloom-associated metabolites
in a longitudinal sense to evaluate their ongoing contribution to HABs.
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Table 1. NMR data for Smenamide C (1) Z-conformer (800 MHz for 1H NMR;
200 MHz for 13C NMR, DMSO-d6).
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Table 2. NMR data for Smenamide E Z/E-conformersa (3) (800 MHz for 1H
NMR; 200 MHz for 13C NMR, DMSO-d6).
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Figure 1. Structure of 1-3, smenamides A and B and smenothiazole A.
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Figure 2. Full MS/MS-based molecular network of Trichodesmium bloom.
Previously identified molecules trichothiazole, tricholides A and B and
unnarmicin D are noted. Cluster 2 (red box) shows new metabolites 1-3 (m/z
467.161, 467.161 and 499.117, respectively)
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Figure 3. MS/MS-based molecular networking cluster identifying 1-3 and
smenamide A and B. Nodes are labeled with precursor m/z values. Edges are
labeled with cosine scores. Node size is relative to ion count.
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Figure 4. Select 2D NMR correlations of compounds 1-3.
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Figure S24. HSQC of 3 (DMSO-d6).
Figure S25. HMBC of 3 (DMSO-d6).
Figure S26. COSY of 3 (DMSO-d6).
Figure S27. TOCSY of 3 (DMSO-d6).
Figure S28. NOESY of 3 (DMSO-d6).
Figure S29. HRESIMS of 3.
Figure S30. MS/MS spectrum of 3.
Figure S31. 1H NMR of smenothiazole A (800 MHz, DMSO).

99

Figure S32. 13C NMR of smenothiazole A (200 MHz, DMSO).
Figure S33. HRESIMS of smenothiazole A.
Figure S34. MS/MS spectrum of smenothiazole A.
Figure S35. CD spectrum of smenothiazole A (CH3OH).
Figure S36. MS/MS of smenamide A/B detected in Trichodesmium chemical
fractions.
Figure S37. Dose-response curves of 1-3 against HCT-116 and neuro-2A
cells.
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Table S1. NMR data for smenamide C (1) E-conformer (800 MHz for 1H NMR;
200 MHz for 13C NMR, DMSO).
position
1
2
3
4
5a
5b
6
7
8
9
10
11
12
13
14
15
16a
16b
17a
17b
18
19
20a
20b
21
22
23
24
25
a

δC, type
169.3, qC
93.7, CH
180.3, qC
57.6, CH
38.6, CH2
24.2, CH
24.0, CH3
23.3, CH3
59.7, CH3
170.6, qC
131.7, qC
13.9, CH3
141.9, CH
32.1, CH
20.5, CH3
35.0, CH2
32.2, CH2
142.6, qC
112.7, CH
27.4, CH2
25.7, CH2
50.0, CH2
32.8. CH3
169.6, qC
21.6, CH3

overlapping signals
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δH (J in Hz)
5.28, s
4.75, t (5.3)
1.72, m
1.59, m
1.66, m
0.85, d (6.6)
0.87, d (6.6)
3.87, s

1.77, s
5.59, m
2.45, m
0.94, d (6.6)
1.49, m
1.35, m
2.22, m
2.10, ovlpa
6.07, s
2.12, m
2.07, ovlp
1.64, m
3.27, m
2.79, s
1.98, s

Table S2. NMR data for smenamide C (1) Z-conformer (500 MHz for 1H NMR;
125 MHz for 13C NMR, CDCl3).
position
1
2
3
4
5a
5b
6
7
8
9
10
11
12
13
14
15
16a
16b
17a
17b
18
19
20a
20b
21
22
23
24
25
a

δC, type
169.2, qC
93.1, CH
180.0, qC
57.8, CH
39.0, CH2
24.3, CH
23.6, CH3
22.6, CH3
58.5, CH3
170.5, qC
131.8, qC
13.7, CH3
142.7, CH
32.3, CH
20.5, CH3
35.0, CH2
32.2, CH2
142.6, qC
113.2, CH
27.3, CH2
25.7, CH2
47.1, CH2
35.9. CH3
170.6, qC
21.8, CH3

overlapping signals
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δH (J in Hz)
4.97, s
4.80, m
1.79, m
1.69, m
1.73, m
0.93, d (6.4)
0.91, d (6.4)
3.85, s

1.88, s
5.70, m
2.49, m
1.00, d (6.6)
1.53, m
1.43, m
2.33, m
2.10, ovlpa
5.94, s
2.23, m
2.16, ovlp
1.64, m
3.40, m
3.00, s
2.09, s

Table S3. NMR data for smenamide D (2) (CDCl3).
Z-conformer
position
δC, type
δH (J in Hz)
1
168.6, qC
2
93.2, CH
5.02, s
3
180.7, qC
4
58.0, CH
4.71, m
5a
38.9, CH2
1.87, m
5b
1.79, m
6
24.2, CH
1.76, m
7
23.9, CH3
0.93, d (6.4)
8
22.8, CH3
0.90, d (6.4)
9
58.6, CH3
3.87, s
10
169.5, qC
11
132.6, qC
12
20.1, CH3
1.93, s
13
135.9, CH
5.17, d (10.4)
14
34.2, CH
2.16, m
15
21.2, CH3
0.99, d (6.7)
16a
35.0, CH2
1.37, m
16b
1.30, m
17a
32.5, CH2
2.08, m
17b
1.89, ovlpb
18
141.3, qC
19
113.0, CH
5.80, s
20a
27.5, CH2
2.16, m
20b
2.12, ovlp
21
24.6, CH2
1.61, m
22
47.2, CH2
3.37, t (7.5)
23
36.1 CH3
2.99, s
24
170.7, qC
25
21.9, CH3
2.08, s
a
800 MHz for 1H NMR, 13C NMR from HSQC and HMBC spectra
b
overlapping signals
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E-conformer
δC, type
168.6, qC
93.2, CH
180.7, qC
58.0, CH
38.9, CH2
24.2, CH
23.9, CH3
22.8, CH3
58.6, CH3
169.5, qC
132.6, qC
20.1, CH3
135.9, CH
34.2, CH
21.2, CH3
35.0, CH2
32.5, CH2
142.0, qC
112.4, CH
27.4, CH2
25.6, CH2
50.5, CH2
33.2, CH3
170.6, qC
21.2, CH3

δH (J in Hz)
5.02, s
4.71, m
1.87, m
1.79, m
1.76, m
0.93, d (6.4)
0.90, d (6.4)
3.87, s

1.93, s
5.17, d (10.4)
2.16, m
0.99, d (6.7)
1.37, m
1.30, m
2.08, m
1.89, ovlp
5.74, s
2.16, m
2.12, ovlp
1.68, m
3.26, t (7.5)
2.92, s
2.10, s

Table S4. NMR data for smenothiazole A
residue
Thiazole
Proline

Valine

PKS

position
1
2
3
4
5a
5b
6
7a
7b
8
9
10
11
12
NH
13
14
15
16
17
18
19
20
21
22/26
23/25
24

δC, type
142.5, CH
120.2, CH
172.7, qC
58.5, CH
31.9, CH2
24.5, CH2
47.5, CH2
171.4, qC
56.7, CH
30.4, CH
19.6, CH3
19.2, CH3
168.8, qC
132.8, qC
13.4, CH3
130.7, CH
29.2, CH2
140.5, qC
115.0, CH
40.5, CH2
138.5, qC
129.2, CH
129.0, CH
127.0, CH

δH (J in Hz)
7.72, d (3.3)
7.60, d (3.3)
5.37, dd (8.1, 2.7)
2.19, m
2.14, m
2.00, m
3.90, m
3.77, m
4.40, t (8.3)
2.11, m
0.91, d (6.7)
0.90, d (6.7)
7.77, d (8.3)

1.73, s
6.15, m
2.90, t (6.5)
6.30, s
3.44, d (2.9)
7.20, d (7.6)
7.32, t (7.6)
7.24, t (7.6)
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Table S5. Molecular networking parameters
Parameter

Value

PAIRS_MIN_COSINE

0.6

ANALOG_SEARCH

1

tolerance.PM_tolerance

2.0

tolerance.Ion_tolerance

0.9

MIN_MATCHED_PEAKS

3

TOPK

10

CLUSTER_MIN_SIZE

1

MAXIMUM_COMPONENT_SIZE

100

MIN_PEAK_INT

0.0

FILTER_STDDEV_PEAK_INT

0.0

RUN_MSCLUSTER

on

FILTER_PRECURSOR_WINDOW

1

FILTER_LIBRARY

1

WINDOW_FILTER

1

SCORE_THRESHOLD

0.6

MIN_MATCHED_PEAKS_SEARCH

3

MAX_SHIFT_MASS

100.0
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Figure S1.Cytotoxicity of Trichodesmium bloom chromatography fractions
against neuro-2A cells.
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Figure S2. HPLC chromatogram of pre-fraction from which the 1-3 and
smenothiazole were isolated.
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Figure S3. 1H NMR of smenamide C (1) (800 MHz, DMSO-d6).
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Figure S4. 13C NMR of smenamide C (1) (200 MHz, DMSO-d6).
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Figure S5. HSQC of 1 (DMSO-d6).
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Figure S6. HMBC of 1 (DMSO-d6).
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Figure S7. HMBC of 1 (DMSO-d6).
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Figure S8. TOCSY of 1 (DMSO-d6).
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Figure S9. NOESY of 1 (DMSO-d6).
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Figure S10. 1H NMR of 1 (500 MHz, CDCl3).
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Figure S11. HRESIMS of 1.
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Figure S12. MS/MS spectrum of 1.
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Figure S13. CD spectrum of 1 (80 μM in CH3OH).
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Figure S14. 1H NMR of smenamide D (2) (800 MHz, CDCl3).
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Figure S15. HSQC of 2 (CDCl3).
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Figure S16. HMBC of 2 (CDCl3).

121

Figure S17. COSY of 2 (CDCl3).
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Figure S18. TOCSY of 2 (CDCl3).
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Figure S19. NOESY of 2 (CDCl3).
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Figure S20. HRESIMS of 2.
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Figure S21. MS/MS spectrum of 2.
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Figure S22. 1H NMR of smenamide E (3) (800 MHz, DMSO-d6).
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Figure S23. 13C NMR of smenamide E (3) (200 MHz, DMSO-d6).
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Figure S24. HSQC of 3 (DMSO-d6).
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Figure S25. HMBC of 3 (DMSO-d6).
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Figure S26. COSY of 3 (DMSO-d6).

131

Figure S27. TOCSY of 3 (DMSO-d6).
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Figure S28. NOESY of 3 (DMSO-d6).
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Figure S29. HRESIMS of 3.
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Figure S30. MS/MS spectrum of 3.
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Figure S31. 1H NMR of smenothiazole A (800 MHz, DMSO-d6).
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Figure S32. 13C NMR of smenothiazole A (200 MHz, DMSO-d6).
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Figure S33. HRESIMS of smenothiazole A.
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Figure S34. MS/MS spectrum of smenothiazole A.
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Figure S35. CD spectrum of smenothiazole A (CH3OH).
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.

Figure S36. MS/MS of smenamide A/B detected in Trichodesmium
chemical fractions
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Figure S37. Dose-response curves of 1-3 against HCT-116 and neuro-2A
cells.
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CHAPTER 4
This chapter has been prepared as a manuscript format for the Journal of
Natural Products. Supplemental material for this manuscript can be found
immediately following.
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ABSTRACT
Blooms of the filamentous cyanobacteria Trichodesmium repeatedly occur in the Gulf
of Mexico (GoM). While the ecological role these cyanobacteria play has been widely
studied, little information is available on potential secondary metabolites that are associated with these blooms. With the occurrence of harmful algal blooms (HABs) increasing concurrent with climatological changes, there is need to study the potential of
toxic secondary metabolites in these blooms. A recent collection of material from a
Trichodesmium thiebautii bloom event, from Padre Island in 2014 showed that Trichodesmium is a prolific producer of chlorovinylidene-containing specialized metabolites.
We have completed additional studies detailed in the current report utilizing LCMS/MS-based molecular networking and the Global Natural Product Social Network,
as well as other targeted and untargeted mass spectrometric approaches to visualize
and annotate the secondary metabolite composition of these Trichodesmium blooms
and colonies in the GoM through repeated collections over several years and different
geographical locations. Our results show that Trichodesmium thiebautii blooms and
colonies in the GoM have a remarkably consistent secondary metabolome comprised
largely of chlorinated metabolites. These molecules are also found in collections
throughout the wider Caribbean and appear to be lacking in specimens of T. erythraeum. These results provoke intriguing questions of how these specialized metabolites affect T. thiebautii ecophysiology and niche development in the oligotrophic waters around the globe.
Keywords: Trichodesmium, macrocycle, hybrid PKS-NRPS, cyanobacteria,
molecular networking
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1. Introduction
As climate change results in both increased global temperatures and CO2 concentrations in ocean waters, species of the cyanobacterial genus Trichodesmium are projected to expand their already substantial, oligotrophic ocean range as the subtropics
move poleward.1–3 An increase in oceanic and coastal growth of the periodically
bloom-forming Trichodesmium will raise both the direct and indirect exposure risk to
humans from potential toxins produced by this genus. While the ecological role of
Trichodesmium as nitrogen fixers is well studied, the toxicity of the genus and the impact of its toxins on human health and animal health are unknown. The latter is of increasing import because of the aforementioned range and abundance expansions predicted for Trichodesmium. Many aspects of Trichodesmium’s toxicity have been
somewhat enigmatic and inconsistent.
Multiple classes of toxins have been identified from Trichodesmium blooms
and environmental collections. Previous Trichodesmium toxicity studies performed
using homogenized cells, filtrates, aging cells, and crude extracts of Trichodesmium
thiebautii have shown toxicity to known grazers, while those from Trichodesmium
erythraeum did not show the same levels of toxicity.4,5 However, extracts of T.
erythraeum off the coast of India showed toxicity to shrimp and multiple human cell
lines.6 It must be noted that species identifications in this study were done using
morphology instead of genetic means. Other research endeavors have isolated or
detected individual metabolites, some with well-known toxicity from Trichodesmium
spp. For example, saxitoxins and paralytic shellfish toxins, have been identified from
Trichodesmium blooms in the southwestern South Atlantic Ocean off the coast of
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Brazil7 and from samples collected in the coastal waters of India.8 Hepatotoxic
microcystins have been detected from T. erythraeum samples collected from waters
off the coast of northwest Africa9 and from Indian waters in the Bay of Bengal.8 The
ciguatera-like toxin, palytoxin, was detected from Trichodesmium collected from a
New Caledonian lagoon in the southwest Pacific Ocean.10 One cyclic peptide,
trichamide, was isolated from a cultured strain of T. erythraeum, but it was not found
to be toxic.11 A lipophilic ciguatoxin-like substance was isolated from Trichodesmium
filaments and from Spanish mackerel specimens, Scomberomorus commersoni,
exposed to the filaments, suggesting that Trichodesmium may be a vector for ciguatera
poisoning and that fish may bio-accumulate toxins from blooms.12 Focusing
specifically on Trichodesmium, the many classes of toxins identified could result from
either genomic difference in regionally specific strains, or from different
environmental parameters modulating varied toxin profiles.
As with most toxins, the implications for human health due to Trichodesmium
toxin exposure relate primarily to ingestion in food or contact/ingestion during
recreation. While Trichodesmium colonies are often found offshore in oceanic waters,
they are also observed in coastal waters resulting from nutrient and/or Fe inputs from
nearshore sources, advected as oceanic biomass moves to the coast due to ocean
currents and wind or concentrated as surface blooms as temperature rises and wind
mixing decreases.13–16 Thus, blooms can be in close contact with the coast and near
shellfish aquaculture sites, areas of wild shellfish harvesting and coastal fishing.
Detecting the presence of known toxins and the associated species producing these
toxins is important with respect to chemical ecology and potentially public health.
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A key missing scientific investigation into potential Trichodesmium toxicity is
an integrative, systematic study of the specialized metabolites produced by
Trichodesmium species. Our previously published work showed that Trichodesmium
thiebautii field samples from the GoM produced potently cytotoxic compounds. We
chemically characterized the components in extracts from a 2014 Trichodesmium
bloom collected from the GoM, collected close to the coastline. This effort led to the
isolation and characterization of several lipophilic, cytotoxic and often chlorinated
metabolites. These metabolites represented new analogs from existing cytotoxic
compound classes (smenamides C, D, and E), analogs of smenamides A and B17,18 and
new classes of cytotoxic metabolites (the trichophycins, tricholides, and
trichothiazole), which had not been described previously.19–22 In the current report, we
have continued field studies in 2017, 2019, and 2021, to provide additional temporal
and spatial resolution, and we have clearly shown that these metabolites can be
detected in T. thiebautii colonies year after year, which served as a “compound
library” for the development of targeted and untargeted mass spectrometry
approaches. Other field and cultured samples from across the GoM and greater
Atlantic Ocean added to this investigation. We have used genetic tools to determine
the Trichodesmium species present in these collections and both untargeted MS/MSbased molecular networking and targeted mass spectrometric analysis to provide a
chemical inventory of colony and bloom metabolites. It appears clear from our data,
that Trichodesmium thiebautii in the oligotrophic GoM act as a prolific producer of
specialized metabolites, many of which possess nanomolar cytotoxicity (certain
smenamides and smenothiazoles). We additionally report a new specialized metabolite
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in the current report - trichothilone A (1) (Figure 1). Furthermore, T. thiebautii and T.
erythraeum display different chemical composition, which provokes intriguing
questions as the chemical potential of the members of this genus, and the potential for
a chemotaxonomic approach to categorizing this group of ecologically important
organisms.
2. Results
2.1. Trichodesmium collections by field characters and genetic analysis. Our previous work from an initial collection of Trichodesmium thiebautii biomass retrieved near
Padre Island, TX in 2014 provided the first evidence that there was a cyanobacterial
prolific producer of specialized metabolites in the Gulf of Mexico. Mining this biomass resulted in the characterization of 25 new molecules, including compound 1 presented in the current report. The primary purpose of the current work was to determine
if metabolite composition of these T. thiebautii colonies in the GoM was consistent
over time and geographic location. In order to accomplish this, a second collection of
Trichodesmium colonies was made in the GoM (27.00° N; 92.00° W) in 2017. Additionally in 2019, aboard the R/V Oregon II (National Oceanic and Atmospheric Administration), we visited several stations in the GoM and collected Trichodesmium
colonies and biomass. The range of sites across the western GoM (Figure 2 and Table
S1) allowed us to examine the presence of these metabolites in various collections and
across a large swath of space. To follow up on the 2019 collections, additional collections were made in 2021 in the GoM, from many of the same sites as 2019. Collections from 2017, 2019, and 2021 were identified as Trichodesmium sp. by examining
filaments and puff and tuft colonies (Figure S12). Additionally, phylogenetic analysis
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of partial sequences of the 16S rDNA gene supported identification of specimens from
2017 and 2019 as T. thiebautii, clustering with the T. thiebautii identified in the 2014
collection. During the research cruise in 2019, we collected bulk biomass from a surface accumulation, but we were also able to harvest individual puff colonies from several stations, sequestering individual colonies with a sterile loop and preserving them
for laboratory analysis (Figure S12). Scientists abord the cruise in 2021 were able to
collect Trichodesmium puffs from three collection sites that were previously visited in
2019.
2.2 LC-MS/MS-Based Molecular Networking
2.2.1 Spatial and temporal resolution of Trichodesmium metabolites. We utilized
LC-MS/MS paired with molecular networking in order to compare the metabolite
composition of Trichodesmium collections over time and geographic area in the GoM.
In the molecular networks each node is representative of an ion detected and further
fragmented by the mass spectrometer. Collections from the GoM in the years 2014,
2017, and selected samples in 2019, showed remarkable consistency with respect to
metabolite content (Figure 3 and S13). Nearly all of the previously characterized metabolites from the 2014 collection were identified in samples from 2017 and 2019.
These include many of the trichophycins, smenamides, tricholides, trichothiazole, conulothiazoles, and smenothiazoles, many of which possess the unique to cyanobacterial
chlorovinylidene moiety. Overall, 24% of nodes were shared by all samples from
2014, 2017, and 2019, and 53% of nodes were shared by at least two of the samples.
To further this study another molecular network was created to examine the similarities amongst collections in the GoM in 2019. Examining by location in 2019, 25% of
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nodes were shared by all five samples analyzed, again including many of the previously characterized metabolites from 2014 (Figure 4 and S14). In this comparison,
78% of nodes were shared by at least two samples. With these data, there clearly is a
core metabolome possessed by resident T. thiebautii colonies in the GoM, which has
never been documented previously. This species in particular appears to produce hundreds of small organic metabolites with a majority of these molecules hallmarked by
the incorporation of at least one halogen atom, typically chlorine. Following examination of all networks, one metabolite with m/z 537 was prioritized for isolation and
structure elucidation, as it was abundant in our collections over time and geographic
area (1). We additionally examined ‘picked’ colonies (dominated by puff morphology). These colonies were collected via net tow, washed in a sieve, and transferred
one-by-one to a preservation vial using a sterile loop. This sample does have associated bacteria in it, but it is devoid of other phytoplankton and loosely associated ectocommensals. Several previously characterized molecules were observed in this network, including 1 (Figure 5). Additionally, ion counts indicated that this m/z 537 molecule was abundant in all samples and thus we could isolate enough material for subsequent spectroscopic characterization. Following the metabolite composition analysis, HPLC-DAD- and LC-MS-guided isolation were performed to isolate this metabolite.
2.3 Structure characterization of trichothilone A (1)
2.3.1 Structure characterization. HPLC-DAD and mass spectrometry-guided fractionation resulted in the isolation of an optically active pale-yellow oil (1) (Figure 1).
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HRESIMS analysis of 1 gave a protonated molecule [M+H]+ of m/z 537.3725 suggesting a molecular formula of C30H52N2O4S and a requirement of 6 degrees of unsaturation. Inspection of the COSY spectrum and 1H-1H spin systems allowed the assignment of three partial structures. The first from H-2 to H2-7 including the 1,3-methyl
system from H-2 to H-4, and a second from H2-11 to H2-21 including a 1,3,5 methyl
system from H-15 to H-19 (Figure 1). A third partial structure consisted of a single
COSY correlation between H3-30 and H2-29. HMBC correlations between H2-7 and
C-8 (δC 156.0) and H2-11 and C-10 (δC 169.1) along with the H-9 resonance (δH 7.01)
established a thiazole functionality that connected these two partial structures. An Nmethyl signal (δH 2.88) showed HMBC correlations to C-21 (δC 44.5) and C-28 (δC
172.1) and connected partial structure two to an N-methylpropanamide functionality.
HMBC correlations between H-2 (δH 2.44), H-16 (δH 4.81) and C-1 (δC 175.5) established the ester of a macrolactone and satisfied the final degree of unsaturation characterizing a hybrid polyketide-peptide metabolite that was named trichothilone A (1).
Certain 1H NMR resonances, such as the N-methyl were split into two signals in a ratio of 1:1. This suggested two conformers, which are detailed in Figure S7. The text
discusses only the Z-conformer. This phenomenon has been described for other metabolites from Trichodesmium that contain an N-methyl amide functionality (Via et al.
2018).
2.3.2 Relative configuration analysis of 1. A segment in 1 was identified as two contiguous proprionate units (H-14 to H-17 including H3-24 and H3-25). Comparing 13C
NMR signals in 1 recorded in three different solvents (CDCl3, CD3OD, and DMSOd6) to a 13C NMR database for contiguous propionate units established the relative
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configuration of α,α,β,β (Figure S10).23,24 The H3-25 and H3-26 methyls were proposed to be anti by virtue of the equivalence of the methylene protons attached to H218.25
2.3.3 Absolute configuration analysis of 1. A single secondary alcohol in 1 (attached
to C-14) allowed us to generate Mosher esters at that position. We analyzed the S and
R esters of 1 via 1HNMR, COSY, and TOCSY. A positive Δ(δHS-δHR) value for H-14
and negative Δ(δHS-δHR) values for H-9 and H-11 supported a 14S configuration. Relaying stereochemical assignments based on the previously determined relative configuration supported a 14S,15R,16S,17R,19R configuration of 1.
2.3.4 Cytotoxicity of 1. Trichothilone A (1) showed moderate cytotoxicity to Neuro2A cells with an EC50 value of 13.7 ± 0.7 μM. While modestly cytotoxic, 1 did not
show the exquisite cytotoxic potency of other thiazole-containing macrocycles such as
epithilone.18 Trichothilone A does share structural similarity with the antibiotic thuggacins, including the embedded thiazole and polyol character.19
2.4 Trichodesmium chemotypes amongst species. The use of the GNPS molecular
networking platform allows us to visualize the distinct differences amongst species of
Trichodesmium in our various collections. When comparing the three known T.
thiebautii collections (PI2014, GoM2017, and GoM2019 station 101), against three T.
erythraeum samples (MI2015, PI2018, and Webb GS4Y) we can see distinct differences amongst the secondary metabolite profile of the two species (Figure 6 and
S15). Large clusters of red, which indicate metabolites present in the T. thiebautii collections can be visualized as distinctly separated from the clusters of blue nodes that
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indicate T. erythraeum metabolites. Characterized chlorovinylidene-containing molecules isolated from Trichodesmium thiebautii are only identified in the T. thiebautii
nodes and are not present in any of the T. erythraeum samples. The distinct differences
in the metabolite composition of these collections points towards distinct chemotypes
between the two species of Trichodesmium evaluated.
2.5 Targeted analysis of Trichodesmium compounds. For a targeted approach to
identify the presence of characterized compounds that have been isolated from the
Trichodesmium thiebautii 2014 Padre Island collection, known transitions of these
compounds, as well as 1, (Table S2) were monitored to detect their presence in the
GoM 2021 collection samples, Bigelow lab (cultivated T. erythraeum) sample, Padre
Island 2018 sample, and the two other cultured T. erythraeum lab samples (Figure 7
and S16-S21). These data showed that all of the GoM 2021 collections contained
many of the compounds that were isolated from the Padre Island 2014 collection and
compound 1 was very prominent in the collections. When assaying these extracts
against the known library, there is a very distinct difference between detection of the
compounds in T. thiebautii collections and identified T. erythraeum collections and
cultures, such as from Bigelow lab culture, the Webb collections, and a Padre Island
2018 field sample. No field or cultured samples of T. erythraeum showed the presence
of any characterized chlorinated metabolites. This targeted approach allowed for the
rapid screening of many of the known chlorovinylidene-containing molecules and this
approach can be applied to future collections.
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2.6. Untargeted analysis of Trichodesmium spp. Low resolution LC-MS/MS data
were collected on a Thermo LTQ XL Ion Trap instrument and analyzed post-acquisition via MZmine. Chromatograms once deconvoluted, deisotoped and aligned, resulted in a feature list for detection of compounds of interest (Figure 8). These data
further added to the investigation of metabolites identified from the original Trichodesmium thiebautii collection. A large swath of additional collections identified as
Trichodesmium collected from the North shore of Brazil in the Atlantic Ocean (Tricolim) were extract and analyzed (Figure S22). Several previously characterized metabolites were chosen in a detection list, well as compound 1. Compound 1 was detected in
the original Padre Island 2014 sample and two of the Gulf of Mexico samples from
2021. There was no detection of compound 1 in any of the Tricolim samples, as well
as the cultured sample from Bigelow Laboratories. Of all the chlorinated compounds
chosen for analysis, none were present in the Bigelow Laboratory sample. The only
Tricolim samples to show the presence of chlorinated compounds of interest were
those from samples 3, and sample 6. Sample 6 is of the most interests due to its collection location, being the most north and farthest into the open ocean.
3. Discussion
3.1 Trichodesmium species as toxin and specialized metabolite producers. An inability for most laboratories to culture Trichodesmium strains has necessitated that toxin
and secondary metabolite isolation efforts come from environmental collections.
While many classes of toxins have been detected from these blooms, it is difficult to
attribute production of these metabolites, including 1, to Trichodesmium without anal-
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ysis of axenic cultures or genomic information. Nevertheless, these blooms show intriguing profiles with respect to their secondary metabolite composition. While our laboratory has characterized several new secondary metabolites from a Trichodesmium
bloom collected near Padre Island, TX, this is the first report of the detection of one of
these molecules from subsequent collections. Continuing longitudinal and geographic
studies will aid in understanding the metabolite profiles of these blooms and potentially lead to ultimately understanding their ecological role. We have shown that certain specialized metabolites are found in colonies in the GoM and wider Caribbean,
but Trichodesmium is found around the globe with notable repeated blooms occurring
in Australia, the Red Sea, and coastal waters or India.26 It would be most interesting to
continue analysis in collections from these areas using our established methods of
analysis. The ability to accumulate more material from yearly blooms will enhance the
potential for 1 and other metabolites to be comprehensively evaluated for their therapeutic benefit.
Surprisingly, none of the aforementioned studies identifying different toxins
from Trichodesmium biomass investigated trophic transfer of these toxins to fish or
shellfish (e.g., Endean et al. 1993 was only co-occurrence of toxic compounds).12 The
presence of palytoxin in Trichodesmium may represent a vector for human
intoxication and ciguatera poisoning from human consumption of phytoplankton
eating fish.10 Parameterizing Trichodesmium toxin accumulation in fish and shellfish
is a gap in our current understanding. As these bloom events can cover kilometers of
surface waters, they can disrupt ecosystem health and increase the likelihood of
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Trichodesmium grazing, which has the potential to initiate trophic transfer of toxic
metabolites. This analysis should be prioritized in future studies.
3.2 Limitations of the current study. A current limitation to this study is the lack of
identification of a putative biosynthetic gene cluster in Trichodesmium thiebautii that
produces the chlorovinylidene group in the majority of secondary metabolites isolated.
The incorporation of the chlorine is a result of HMG-CoA synthase and other
enzymes, where the polyketide synthase performs an alkylation of the β position 27,28,
and an FAD-dependent halogenase leads to chlorination at that alkylated site.29 Until
there is an unequivocal biosynthetic identification in both Trichodesmium thiebautii of
this machinery, and the lack of this machinery in Trichodesmium erythraeum, no
definitive answer can be given on species chemotaxonomy. Further work will need to
be done to show that the cyanobacterium Trichodesmium thiebautii is the sole
producer of these chlorovinylidene-containing molecules in the large holobiont
(associated bacteria). Additionally, there is previously published evidence that
indicates environment populations are comprised of mixed species.30 Defining species
assemblages in collections will be necessary to understand community composition
and how this may affect specialized metabolite production. This study still does not
fully address the detection of saxitoxin and anatoxin found in previous work by
research groups studying Trichodesmium blooms.8 This study does however
incorporate a large amount of high-resolution LC-MS/MS data to confirm the presence
of molecules in subsequent collections, that thus far have been primarily associated
with Trichodesmium thiebautii. Analysis of the secondary metabolites found in
collections of Trichodesmium erythraeum showed an absence of these chlorinated
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metabolites. Further studies are still needed to fully understand why certain species
make these functionalized molecules, and what is their purpose.
4. Materials and Methods
4.1 General experimental procedures. Optical rotations were measured using a
Jasco P-2000 polarimeter. UV spectra were measured using a Beckman Coulter DU800 spectrophotometer. IR spectra were obtained using a Thermo Scientific Nicolet
380 FT-IR spectrometer. NMR spectra were recorded using a Bruker 800 MHz NMR
instrument. Additional NMR spectra were recorded on an Agilent 500 MHz NMR instrument. HRESIMS analysis was performed using an AB SCIEX TripleTOF 4600
mass spectrometer with Analyst TF software. Semi-preparative HPLC was carried out
using a Dionex UltiMate 3000 HPLC system equipped with a micro vacuum degasser,
an autosampler and a diode-array detector. High resolution LC-MS/MS data was collected on a Thermo LTQ Orbitrap XL coupled to a Dionex Ultimate 3000 HPLC. Low
resolution LC-MS/MS data was collected on a Thermo LTQ XL coupled to a Dionex
Ultimate 3000 HPLC. Targeted analysis was carried out using an AB Sciex Qtrap
4500 mass spectrometer coupled to a Shimazdu LC-20AD UFLC.
4.2 Collection and extraction of cyanobacteria and isolation of 1. Trichodesmium
biomass was collected from the Gulf of Mexico near Padre Island, TX in 2014. As described previously, the dominant organism was identified, and the material was
shipped to our laboratory.31 The biomass (14 g dry weight) from Padre Island was repeatedly extracted with a 2:1 mixture of CH2Cl2:CH3OH and the crude extract was reduced to an oil under reduced pressure. The oily residue was reconstituted in hexanes
and fractionated over silica gel using a stepwise gradient from hexanes to ethyl acetate
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to methanol generating nine fractions total (A-I). Fraction I was further fractioned over
a 2 g C18 SPE and four additional fractions were eluted with 50% CH3CN in H2O,
100% CH3CN, 100% CH3OH, and 100% EtOAc. The 100% CH3OH fraction was subjected to reverse phase HPLC using a 5µm C18 Kinetex (250 x 10 mm) column with a
flow rate of 3.00 mL/min with 70% CH3CN in H2O with 0.05% formic acid. Collections between 22.5 min and 33.0 min were further purified using the same column and
an isocratic gradient of 65% CH3CN in H2O with 0.05% formic acid added. The peak
at 27 min was collected and identified as 1 (2.2 mg).
4.3 Trichothilone A (1): pale yellow oil; [α]23D +8.5 (c 0.10, CH3OH); UV (CH3OH)
λmax (log ε) 202 (3.5), 244 (3.0) nm; IR (ZnSe) vmax 3391 (br), 2925, 1730, 1605, 1376,
1192 cm-1, 1H NMR (500 MHz, DMSO-d6) and 13C NMR (125 MHz, DMSO-d6), see
Table 1, HRESIMS m/z 537.3725 [M + H]+ (calcd for C30H53N2O4S, 537.3726).
4.4 Preparation and Analysis of MTPA esters. 3 mg of 1 was dissolved in dry
CDCl3 and separated into two equal portions in 4 mL vials. Dry pyridine (10 µL) and
(S)-(+)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride (15 µL) were added to the
first vial. The vial was capped, and the reaction mixture was stirred for 24 h. The identical procedure was repeated with an equal amount of 1 and (R)-(–)- α-methoxy- α-(trifluoromethyl)phenylacetyl chloride. The reaction mixtures were separated between
CH2Cl2 and H2O, and the organic phase was evaporated and subjected to reversed
phase HPLC using a 5 μm C18 Kinetex column (250 x 10 mm) and an isocratic
method using 100% CH3CN. The purified esters were analyzed by 1H NMR, COSY,
and TOCSY. However, after 24 h the contents of the vials were immediately transferred to NMR tubes for further analysis including 1H NMR, DQF-COSY and TOCSY

159

to firmly establish 1H NMR chemical shifts of derivatives. For partial 1H NMR chemical shift information of derivatives see Figure S9.
4.5 Extraction and analysis of field-collected and cultivated Trichodesmium samples. Several collections were made from the GoM in 2019 (Table S1). The biomass at
each site, site 2 (wet weight 8.8 g), site 3 (wet weight 23.25 g), site 4 (wet weight 1.91
g), station 101 (wet weight 0.430 g),and bloom collection (wet weight 212.77 g) was
extracted in 2:1 CH2Cl2: CH3OH, followed by a 1:1 CH2Cl2: CH3OH, and 100%
CH3OH. The resulting crude extracts were reduced to an oil under reduced pressure.
Small aliquots of the resulting crude extracts, station 2 (0.283 g), site 3 (0.375 g), site
4 (0.140 g), site 11 (0.09 g), and the bloom collection (5.350 g), were passed over a
100 mg C18 SPE column to prepare for LC-MS/MS analysis. Bloom collection material was reconstituted in hexanes and fractionated over silica gel using the same
method as the Padre Island collection, creating nine fractions (A-I). Fraction H (25%
CH3OH in EtOAc) was further fractioned over a 2-gram C18 SPE column into two
fractions, eluting with 100% CH3OH and 100% EtOAc. The 100% CH3OH fraction
(27.8 mg), was subjected to reversed phase HPLC using a 5µm C18 Kinetex (250 x 10
mm) semi preparative column utilizing a gradient and a flow rate at 3.0 ml/min of H2O
with 0.05% formic acid and CH3CN with 0.05% formic acid. The gradient elution was
as follows: 50% CH3CN for 3 min, 50% to 100% CH3CN for 19 min, 100% for 10
min and then a return to initial conditions. Collections were made every 5 min starting
at 10 min, the resulting collection between 25 and 30 min, had one major peak and
was collected as 1 and added to the previously collected material.
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Three station collections from the GoM in 2021 and six field collected samples
from researchers at the Woods Hole Oceanographic Institution were extracted from
filters (Figure S22 and Table S1) with a 2:1 CH2Cl2: CH3OH, followed by 1:1
CH2Cl2:CH3OH, and 100% CH3OH, the extracts were reduced under pressure into an
oil. The resulting oil for each station was passed over a 100 mg C18 SPE column for
LC-MS/MS analysis. A Trichodesmium culture from Bigelow Laboratory for Ocean
Sciences (wet weight 7.994 g), a field collection from Padre Island in 2018 (wet
weight 74.4 g) and a small collection from the Gulf of Mexico in 2017 were separately
extracted in a mixture of 2:1 CH2Cl2: CH3OH three times, and the resulting extract
was reduced to an oil under pressure. The resulting oils of the Bigelow lab sample and
Padre Island sample (323.1 mg, 2.27 g respectively ) were fractioned into 9 fractions
(A-I) using the same process described previously and aliquots from seven of the fractions (C-I) were combined for LC-MS/MS analysis. Samples from the Webb group at
the University of Southern California were received on filters and had previously been
genetically identified as T. erythraeum. The first sample, GS4 Y, collected in May of
2018 (36 mg) and the second sample, also collected in May of 2018, ST8DB ASA
(18.7 mg) were extracted in CH3OH. The dried extracts of both were passed over a
100 mg C18 SPE column for a resulting yield of 2.4 mg and 0.3 mg respectively.
4.6 LC-MS/MS-based molecular networking. The resulting extracts were analyzed
on a liquid chromatography system, a Dionex Ultimate 3000 HPLC, coupled to high
resolution electrospray mass spectrometer, a Thermo LTQ Orbitrap XL system. The
LC portion included an in-line degasser, binary pump and refrigerated auto sampler.
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The column oven was maintained at room temperature, and a 5 µm C18 Kinetex column (150 x 4.6 mm) was used with a flow of 200 µL/min with H2O (0.1% formic
acid) and CH3OH (0.1% formic acid). The gradient elution was as follows: 45%
CH3OH for 1 min, 45%-80% CH3OH over 30 min, 100% CH3OH for 9 min. The mass
spectrometry data was only collected in positive ion detection mode. The raw data
files were transformed to .mzXML files using the publicly available RawConverter
Version 1.1.0.22. Data were uploaded and networked using the online platform at
GNPS (https://gnps.ucsd.edu/). The parent mass tolerance and MS/MS fragment mass
tolerance were both set to the default 0.02 Da for high resolution data. The networks
cosine score for edge connection was set to 0.6 with at least 6 matched peaks required.
The spectra were searched in the built in GNPS library of spectra, where matched
nodes need to have at least 6 matched peaks and meet the minimum cosine score of
0.7. A background blank sample was filtered against the network to remove those
ions. The resulting networks were downloaded and further visualized in Cytoscape
3.2.32 The output data were visualized using pie charts, known GNPS library matches
were designated with a box shape, and labeled with the appropriately matched ion.
4.7 Trichodesmium spp extracts: targeted screening. Extracts were screened for
precursor and product ions of previously characterized compounds isolated from the
Padre Island 2014 bloom event. Extracts were separated using liquid chromatography
on a Shimazdu LC-20AD UFLC, coupled to an AB Sciex QTrap 4500. The LC portion included a binary pump, refrigerated auto sampler and a column oven kept at
30⁰C. A 2.6 µm C18 Kinetex column (150 x 4.6 mm) was used with a flow rate of 400
µL/min, employing a gradient method consisting of H2O with 0.1% formic acid and
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CH3CN with 0.1% formic acid. The gradient was as follows: 50% CH3CN for 3 min,
then 50-100% CH3CN over 20 min, followed by 100% CH3CN for 10 min. The curtain gas was set to 25.0, Ion Spray Voltage was 5500.0, temperature was 350.0, and
both ion source gasses were set to 25.0, declustering potential was set to 96.0, entrance
energy to 10.0, collision energy to 30.0, and the collision cell exit potential was 9.0.
Known transitions of Q1 masses (Table S2) were monitored during the run.
4.8 Untargeted extract screening using LC-MS/MS and MZmine. Raw data were
collected on a Dionex Ultimate 3000 HPLC system coupled to a Thermo Scientific
LTQ XL mass spectrometer. The LC portion included a binary pump, refrigerated auto
sampler and a column oven kept at 30⁰C. A 2.6 µm C18 Kinetex column (150 x 4.6
mm) was used for separations with a flow rate set at 400 µL/min. A gradient method
consisting of H2O with 0.1% formic acid and CH3CN with 0.1% formic acid was used.
The gradient method was as follows: 50% CH3CN was held for 5 min, followed by a
15 min gradient of 50% CH3CN to 100% CH3CN, which was held for 10 min. The MS
spray voltage was 3.5 kV with a capillary temperature of 325 °C. For the MS/MS
component, the CID isolation width was 1.0 and the collision energy was 35.0 eV.
Once acquisitions were complete, .raw data files were exported and transformed into
.mzXML format using RawConverter.33 Data files were imported into MZmine (version 2.53).34 Mass lists were built by using the mass detection plugin with centroided
data for MS level 1 and 2. The noise levels for each file were as follows: the MS level
1 was set to 4000 and the MS level 2 cut off was 40. Following the creation of each
mass list, the ADAP Chromatogram Builder Module35 was used to create chromato-
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grams from the mass list, a minimum group size of 5 scans, the group intensity threshold and minimum highest intensity were each set to 12000, corresponding to 3 times
the MS1 baseline cut off, and an m/z tolerance of 0.5 was used as this was low resolution data. Chromatograms were deconvoluted by using the local minimum search algorithm with the following settings: the chromatographic threshold set at 35.0%, the
search minimum in retention time range set to 0.50 min, the minimum relative height
was set to 30.0%, the minimum absolute height was 15000, the minimum ratio of peak
top/edge was 1, and finally the peak duration range was set between 0.00 and 10.00
min. Following deconvolution, the feature lists were deisotoped using the isotopic
peak grouper with an m/z tolerance of 0.5, a retention time tolerance of 0.5 min, and a
maximum charge state of 4, the most intense representative isotope was selected. The
chromatograms were then aligned using the join aligner with an m/z tolerance of 0.5,
the weight for the m/z was 75%, the retention time tolerance was set to 0.5 min, and
the weight for the retention time was set to 25%. The resulting aligned mass list was
narrowed down to ions of interest.
4.9 Cytotoxicity assays. Assays were carried out as previously described.31 Briefly,
neuro-2A cells were added to assay plates in 100 µl of Eagle’s Minimum Essential
Media (EMEM) supplemented with 10% FBS at a density of 5,000 cells/well. Cells
were incubated overnight (37 °C, 5% CO2) and examined microscopically to confirm
confluence and adherence. Compound 1 was dissolved in DMSO (1% v/v) and added
to the cells in the range of 100 to 0.1 µM in order to generate EC50 curves against the
cell line. Four technical replicates were prepared for each concentration and each assay was performed in triplicate. Doxorubicin was used as a positive control and
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DMSO (1% v/v) was used as a negative control. Assays were resolved after 72 h by
the addition of MTT reagent to test and control wells, a 4 h incubation period, aspiration of media, and addition of DMSO to dissolve formazan crystals. Absorbance was
recorded at 540 nm using a SpectraMax plate reader and EC50 curves were generated
using Graphpad Prism software.
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Table 1. NMR data for trichothilone A (1) in DMSO-d6 (500 MHz for 1H NMR,
125 MHz for 13C NMR)
position

δC, type

1
2
3a
3b
4
5

175.5, C
35.5, CH
40.0, CH2
29.1, CH
34.9, CH2

6a
25.0, CH2
6b
7a
29.9, CH2
7b
8
156.0, C
9
112.8, CH
10
169.1, C
11a
31.2, CH2
11b
12
26.0, CH2
13a
32.5, CH2
13b
14
68.9, CH
OH
15
38.8, CH
16
76.7, CH
17
30.5, CH
18
41.0, CH2
19
26.9, CH
20a
34.2, CH2
20b
21
44.5, CH2
22
16.4, CH3
23
19.9, CH3
24
9.4, CH3
25
12.3, CH3
26
19.3, CH3
27
34.3, CH3
28
172.1, C
29
25.8, CH2
30
9.2, CH3
a
overlapping signals

δH (J in Hz)

HMBC

COSY

2.44, ovlpa
1.32, m
1.16, m
1.42, ovlp
1.06, ovlp

1, 3, 22
2, 4, 22, 23
2, 4, 22, 23
3, 5, 6, 23
6, 23

22, 3a, 3b
2, 4
2, 4
3b, 5, 23
4, 6a, 6b

1.70, m
1.59, m
2.73, m
2.49, m

6, 8

7.01, s

8, 10

2.96, ddd (14.9, 6.7, 3.8)
2.77, m
1.75, m
1.40, ovlp
1.13, ovlp
3.18, m
4.19, br
1.51, p (7.0)
4.81, ddd (9.5, 7.2, 2.5)
1.80, m
1.01, m
1.42, ovlp
1.38, ovlp
1.19, ovlp
3.25, t (7.4)
1.01, d (6.8)
0.81, d (6.8)
0.71, ovlp
0.73, ovlp
0.80, d (6.8)
2.88, s

10, 13
10, 13

2.24, m
0.94, t (7.4)

28, 30
28, 29
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16, 24
1, 25
17, 19, 25, 26
19, 26
19, 21, 26
19, 20, 28
1, 2, 3
3, 4, 5
14, 15
16, 17, 18
18, 19, 20
21, 28

5, 7a, 7b
5, 7a
6b
6a

12
12
11a, 11b, 13a, 13b
12, 14
12, 14
13a, 13b, 15, OH
14
16, 24
15, 17
16, 18, 25
17, 19
18, 26
19, 21
19, 21
20a, 20b
2
4
15
17
19

30
29

Figure 1. Structure of compound trichothilone A (1) with absolute configuration
and key 2D NMR correlations shown.
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Figure 2. Collection site map for Trichodesmium collections in the GoM from
2014, 2017 and 2019.
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PI 2014 Collection
GoM 2017 Collection
GoM 2019 Station 101 Filaments Collection

Figure 3. Molecular network showing the comparison of Trichodesmium
thiebautii collections over time. Trichothilone (1) is detected amongst all three
collections, as well as several other molecules previously characterized
molecules that contain the chlorovinylidene from the 2014 collection.
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Figure 4. Spatial comparison of GoM 2019 collections. Node size is a representative of abundance. Each color
represents an individual collection from the GoM in 2019. Many previously characterized compounds are noted, with
a yellow box and the corresponding structure.
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Figure 5. Molecular network of GoM 2019 collection 11 (station 101, “ picked
colonies). Nodes indicated with yellow boxes are previously characterized
Trichodesmium thiebautii compounds, including the newly characterized 1.
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Figure 6. Molecular network showing the comparison in red (Padre Island 2014, GoM 2017, GoM 2019 Station 11)
and blue (Mustang Island 2015, Padre Island 2018, Webb GS4 Y). Several molecules characterized from the Padre
Island 2014 collection are identified in the red nodes that contain the chlorovinylidene as well as compound 1, only
detected in samples designated by red nodes.

Figure 7. Targeted analysis of identified Trichodesmium thiebautii
compounds. Panel A represents the detection of these compounds in the
Padre Island 2014 collection. Panel B represents the detection in the GoM
2021 station 2 collection. The large green peak in in panels A and B is the
detection of compound 1, m/z 537. Panel C represents that there is no
detection in the Webb GS4Y collection, a T. erythraeum collection.
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Figure 8. MZmine filtering data to show detection of known compounds.
Compound 1 is present in 2 out of the 3 Gulf of Mexico samples from 2021 and
was not detected in any of the Tricolim samples.
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Table S1. Sample location sites in this study.
Padre Island
-2014 – Field Sample, Trichodesmium thiebautii
-2018 – Field Sample, Unknown
Mustang Island
-2015 – Field Sample, Unknown
Gulf of Mexico 2017
-Station 1 (27.00⁰N; 92.00⁰W)
Gulf of Mexico 2019
-Station 2 (26.00⁰N; 93.59⁰W)
-Station 3 (26.18⁰N; 94.39⁰W)
-Station 4 (26.01⁰N; 94.59⁰W)
-Station 101 (29.00⁰N; 88.00⁰W), Trichodesmium thiebautii
-Bloom collection (28.00⁰N; 93.00⁰W)
Gulf of Mexico 2021
-Station 2 (26.00⁰N; 93.59⁰W)
-Station 3 (26.00⁰N; 93.29⁰W)
-Station 4 (28.00⁰N; 90.00⁰W)
Eric Webb UCSD
-ST8DB ASA, Cultured Sample, Trichodesmium erythraeum
-GS4 Y, Cultured Sample, Trichodesmium erythraeum
Woods Hole Institute of Oceanography
-Tricolim station 3 (9.893⁰N; 22.241⁰W)
-Tricolim station 4 (6.011⁰N; 21.593⁰W)
-Tricolim station 8 (3.724⁰S; 22.0116⁰W)
-Tricolim Station 13 (0.976⁰S; 30.843⁰W)
-Tricolim station 15 (5.239⁰N; 44.958⁰W)
-Tricolim station 16 (7.012⁰N; 48.958⁰W)
-Tricolim station 17 (10.760⁰N; 55.849⁰W)
-Tricolim station 20 (16.862⁰N; 65.036⁰W)
-Ziploc station 6 (22.19⁰N; 35.53⁰W)
Bigelow Laboratory for Ocean Sciences
-Cultured Sample of Trichodesmium erythraeum
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Table S2. Transitions of known Trichodesmium thiebautii compounds for AB
Sciex Qtrap 4500 detection.
Parent Mass (Q1
Mass Da)
616
421
467
422
408
403
499
454
445
399
537
479
455
518
443

Transition (Q3
Mass Da)
598
367
298
390
376
211
330
418
253
381
519
461
437
331
277

387

345

365
477

200
455

321
342
622
397

303
306
531
379

319

301

Compound Name
Unknown Metabolite
Trichophycin B
Smenamide C/D
Tricholide B
Tricholide A
Isoconulothiazole C
Smenamide E
Trichophycin F
Conulothiazole C
Trichophycin C
Trichothilone A (1)
Trichophycin A
Trichophycin H
Smenamide A/B
Trichophycin B (Na+
Adduct)
Trichophycin G (Na+
Adduct)
Trichophycin G
Trichophycin H (Na+
Adduct)
Trichophycin I
Trichothiazole A
Unarmacin D
Trichophycin D (Na+
Adduct)
Trichotoxin A
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Source

Bertin et al. 2018
Via et al. 2018
Bertin et al. 2017
Bertin et al. 2017
Teta et al. 2019
Via et al. 2018
Bertin et al. 2018
Teta et al. 2019
Bertin et al. 2018
Current Work
Bertin et al. 2017
McManus et al. 2020
Via et al. 2018
Bertin et al. 2018
McManus et al. 2020
McManus et al. 2020
McManus et al. 2020
McManus et al. 2020
Belisle et al. 2017
Bertin et al. 2017
Bertin et al. 2018
Bertin et al. 2016

Figure S1. 1H NMR of 1 (500 MHz for 1H NMR, DMSO-d6)
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Figure S2. HSQC of 1 (DMSO-d6)
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Figure S3. HMBC of 1 (DMSO-d6)
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Figure S4. COSY of 1 (DMSO-d6)
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Figure S5. TOCSY of 1 (DMSO-d6)
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Figure S6. NOESY of 1 (DMSO-d6)
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Figure S7. 1H and 13C shifts of 1 from both the Z- (top) and E- (bottom)
conformers.
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Figure S8. HRESIMS of 1.
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Figure S9. S- and R-MTPA 1H of 1. (500 MHz, CDCl3)
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Figure S10. 13C NMR (125 MHz) of 1, recorded in 3 different solvents and
matched to 8 diastereomers for two contiguous proprionate units – Best fit in
all solvents is to configuration a.
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Figure S11. Cell Viability testing of 1 against Neuro-2A cells.
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Figure S12. Image A is the sieve where individual colonies of puffs were
collected via sterile loop and can be seen in image B and C. Images D and E
are microscope pictures showing individual filaments, identified as
Trichodesmium sp.
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Figure S13. Full molecular network comparing Padre Island 2014, GoM2017
and GoM2019. Red indicates 2014, Green 2017 and Blue 2019.

195

Figure S14. Full molecular network of 5 GoM 2019 collections.
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Figure S15. Complete network where red nodes are indicated as Padre
Island 2014, GoM 2017, and GoM 2019 Station 11, and the blue nodes
represent Mustang Island 2015, Padre Island 2018, and Webb GS4 Y.
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Figure S16. Qtrap chromatogram of Padre Island 2014 collection with labeled
ions detected.
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Figure S17. Qtrap chromatogram of GoM2021 Site 3.
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Figure S18. Qtrap chromatogram of GoM2021 Site 4.
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Figure S19. Qtrap chromatogram of Bigelow Lab Sample.
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Figure S20. Qtrap chromatogram of Padre Island 2018 sample.
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Figure S21. Qtrap chromatogram of Webb ST8DB ASA
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Figure S22. Collection sites of Tricolim collections
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CHAPTER 5

PERSPECTIVE

Trichodesmium is a widespread filamentous bloom-forming cyanobacterial
genera, which because of its major role in the oceans’ nutrient cycling through
nitrogen fixation, has been studied from an ecological and physiological
perspective.1,2 The toxic potential of these blooms has been discussed but few
studies have been done to identify specific chemicals that could be the cause
of toxicity.3 Only recent studies conducted in this laboratory have begun to
explore the abundant amount of specialized metabolites produced by
Trichodesmium thiebautii and their potential toxicities.4–7 This dissertation
addressed the knowledge gap with respect to Trichodesmium secondary
metabolites and it created a paradigm shift to show the production of a vast
array of highly functionalized metabolites, many containing a chlorovinylidene
group distinct to cyanobacterial secondary metabolism. Through the use of
LC-MS/MS-based molecular networking, we have been able to visualize and
annotate secondary metabolites exploring collections from the Gulf of Mexico,
the North Atlantic, and the University of Southern California Trichodesmium
culture collection. This has allowed us to study the production of specialized
metabolites over several years, over different geographical locations, and
more recently - because of collaborator’s contributions of cultivated samples across species. While no definitive conclusion can be drawn, it is suspected
that between the two major species of Trichodesmium, Trichodesmium

205

thiebautii is the prolific producer of metabolites containing the chlorovinylidene
moiety, while Trichodesmium erythraeum lacks the ability to produce these
compounds. Several metabolites featured in this study contained the
distinctive chlorovinylidene group, including trichothiazole A, trichophycins A-I
and smenamides C,D and E. One non-chlorinated molecule of note,
trichothilone A, was isolated from two Gulf of Mexico collections. This
molecule year-after-year was abundant in the collections. This work filled the
space where there was a lack of systematic study on Trichodesmium
specialized metabolism, and it answered key questions surrounding the
production of metabolites by Trichodesmium species. The resulting library of
published Trichodesmium molecules from this study and previous work in our
laboratory allowed for the development of targeted and untargeted mass
spectrometry techniques to rapidly explore collections and it will be added to in
the future. If this study were continued, additional genetic work would be
necessary to identify the biosynthetic gene clusters that generate these
functionalized metabolites. Identification of gene clusters in Trichodesmium
thiebautii collections would help solidify the conclusions drawn in this work.
Although it widely believed the production of the chlorovinylidene moiety is
specific to cyanobacterial secondary metabolism, no collections of
Trichodesmium spp. are axenic, so studying the associated microbiome of
Trichodesmium could provide further information to the true producers of these
metabolites and provide insight into why they are being produced. Additionally,
examining gene clusters from new and established isolates of T. erythraeum
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will shed light on the potential for the production of halogenated metabolites in
this species. Unialgal cultures of T. thiebautii and T. erythraeum can inform us
as to the factors or triggers associated with specialized metabolite production,
and the implementation of genetic community analysis can define the species
assemblages associated with specific specialized metabolites. Additional
studies will be necessary to understand the potential for trophic transfer of
compounds to grazing organisms and to determine the ecological role of the
molecules we have discovered.
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